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\\\;fffecc of Hydrazines upon Cyclic Nucleotide Regulgted Neuronal Processes"

The funded project was designed, initially to explore the effects of
hydrazines upon cyclic nucleotide regulated neuronal processes. cyclase as it
was discovered that hydrazines were potent activators of this enzyme. In order
to understand hydrazine actions in the CNS, it was required that more basic
knowledge of the adenylate cyclase cascade by accumulated and this study probed
some of the distinctions between neural and non-neural adenylate cyclase with
that in mind. Specifically, the followirng has been accomplished during the
project period:

1)5: Interactions between the cytoskeleton and synaptic membrane adenylate
cyclase have been probed and we have found a reversible attachment between the
GTP-binding proteins regulating adenylate cyclase and that membrane.

,1);/ We have discovered that GTP binding proteins directly interact and may
exchange nucleotide with one another, and have hypothesized this mechanism as an
intracellular regulator of signal transduction.

-~ :
~3)™" We have discovered a novel, neural GTP binding protein and are in the
process of purification and characterization.

-4)~~ We have devised a mechod for measuring adenylate cyclase in monolayers of
permeable cells and have used this method to explore the coupling betwesn
receptors and adenylate cyclase GIP-binding proteins. '

It is hoped that an increased understanding of the neuronal adenylate cyclase
system will lead to an increased understanding of the effects of certain
neurotoxins, and to the design of strategies to prevent and/or treat the effects
of those compounds.
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PROJECT SUMMARY

AFOSR 83-0249 Mark M. Rasenick

“"Effect of Hydrazines upon Cyclic Nucleotide Regulated Neuronal Processes"

The funded project was designed, initially to explore the effects of
hydrazines upon cyclic nucleotide regulated neuronal processes. cyclase as it
was discovered that hydrazines were potent activators of this enzyme. In order
to understand hydrazine actions in the CNS, it was required that more basic
knowledge of the adenylate cyclase cascade by accumulated and this study probed
some of the distinctions between neural and non-neural adenylate cyclase with
that in mind., Specifically, the following has been accomplished during the
project period: ~

1) Interactions between the cytoskeleton and synaptic membrane adenylate
cyclase have been probed and we have found a reversible attachment betwesn the
GTP-binding proteins regulating adenylate cyclase and that membrane.

2) We have discovered that GTP binding proteins directly intaract and may
exchange nucleotide with one another, and have hypothesized this mechanism as an
intracellular regulator of signal transduction.

3) Ve have discovered a rovel, neural GTP binding protein and are in the
process of purification and characterization.

4) Ve have devised a method for measuring adenylate cyclase in monolayers of
permeable cells and have used this method to explore the coupling betweea
receptors and adenylate cyclase GTP-binding proteins.

It is hoped that an increased understanding of the neuronal adenylate cyclase
system will lead to an increased understanding of the effects of certain
neurotoxins, and to the design of strategies to prevent and/or treat the effects
of those compounds. '
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' . : Mark M. Rasenick, Ph.D.

1. INTRODUCTION
1.1 ucleotides and Neuronal Functio

Despite being the focus of intensive Investigation over the past several years
there is no clear u derstanding of the molecular events within the nerve cell during
synaptic transmission. Incumbent within the above statement is the fact that there
is also no clearly defined roie for cyclic nucleotides within this process.

A paradigm which has evolved from molecular endocrinology over the last several
years is that cyclic AMP (cAMP) functions as a second messenger for a variety of
hormones and neurotransmitters. Although the precise mechanisms are unclear, a
variety of hormones and neurotransmitters activate adenylate cyclase which
subsequently elevates the level of cAMP. Protein kinases, once activated by cAMP (or
cGMP), phosphorylate a variety of soluble and membrane proteins. These proteins,
once phosphorylated, might alter transmitter release or lon flux within the nerve
cel}.

1.2 Adenylate Cyclase

Neuronal adenylate cyclase is responsive to a variety of neurotransmitters which
stimulate or inhibit that enzyme. - These neurotransmitters exert their effects
through at least two membrane-associated GTP-binding proteins, referred to herein as
GNs and GNi, denoting, respectively, the stimulatory and inhibitory proteins (see
Figure 1). Recently, the alpha, or GIP-dinding portion, of GNi has been purified
from bovine cerebral cortex and appears to consist of two to three pertussis toxin
substrates clustered at about 40 KDa. The alpha subunit of GNs has been purified and
appears to be a single polypeptide of about 42-45 KDa, although, in some tissues, a
48-52 KDa form of GNs also appears. [Apparent M, from SDS-PAGE are cited. Actual M,
of CNs determined from sequence data are 45 and 46 KDa respectively for the small and
large forms. GNs and GNi{ regulate the catalytic activity of the adenylate cyclase

enzyme through interaction with a distinct catalytic moiety. The mechanism of this
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. Mark M. Rasenick, Ph.D.

regulation is unknown, but it has been suggested that the beta and gamma components
(36KDa and 8KDa respectively) common to GNs and GNi provide a regulatory function.
1.3 Recentor-Effector Coupling

The coupling of adenylate cyclase refers to the interaction between (or among)
neurotransmitter receptor, GNs or GNi and the adenylate cyclase catalytic moiety.
Physical interaction among these proteins has been reported and as suggested below,
GNs and GNi may interact directly as well. The coupling between the neurotransmitter
receptor and GNs or GNi in nerve cells is diminished or lost upon preparation of
subcellular fractions. However, as a result of this coupling loss, hydrolysis-
resistant quanine nucleotides can profoundly activate or inhibit neuronal adenylate
cyclase without benefit of hormone (neurotransmitter). Furthermore, we have
demonstrated thatrcoupling between ihe GN proteins and>adeny1ate cyclase éatalytic
moiety is augmented by treatments which alter cytoskeletal or membrane composition as .
well as by chronic antidepressant treatment.
1.4 Possible Mechanism of Tubulin-Mediated Regulation of Adenvlate Cvclase

A scheme for the regulatlon of neuronal adenylate cyclase by tubulin is
illustrated in Figure 1. Normally, adenylate cyclase activation proceeds after the
binding of a stimulatory agonist to its receptor and the subsequent binding of GTP
with GNs., The “charged"” GNs then separates from its 8 v subunits and activates the
catalytic moiety of adenylate cyclase. Receptor-mediated inhibition has been
proposed which releases f§ v subunits to associate with GNrs, therefore inhibiting
adenvlate cyclese stimulation. Several contradictions to this simple model exist,

“"{ncludinz the observed hormonal inhibition of the 549 lymphoma vaiiant, eyc”, the

apparent interaction of GNi with the catalytic moiety and the possible exchange of
GTP between GNi and GNs.

Colchicine or vinblastine, which bind to different sites on the tubulin

molecule, both increase adenylate cyclase activity, and that increase appears
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. ) Mark M. Rasenick, Ph.D.

localized to the GNs érotein. A possible mechanism for this effect involves a
steady-state constraint of GNs/catalytic moiety interaction due to the binding of GNs
by tubulin. Mitigation of this interaction by colchicine or vinblastine would result
in the observed increase in enzyme activity. Iuncreased tubﬁlin assoclation with the
membrane might increase constraint upon CNs catalytic moiety interaction, and this
has been observed. It is noteworthy that, despite the indicatioﬁ of tubulin as an
integral synaptic membrane protein the proposed tubulin/GNs interaction could occur
equally well if both tubulin and GNs are considered membrane associated proteins.

There is no indication that tubulin substitutes for GNs or GNi, despite the
apparent similarities among these proteins. This molecular similarity might be
consisﬁent, however, with an associlation/dissoclation between tubulin and GNs. 1In
fact, an assdéiation between microtubules and adenylate cyclase has been reported.
Furthermore, recent evidence in our lab has raised the possibility that 8 tubrlin
might exchange GTP with the GNi proteins. The time course and extent of this
nucleotides exchange are consistent with the observed tubulin-mediared inhibition of
adenylate cyclase.

The A and vy subunits are also involved in the regulation of adenylate cyclase
acﬁivity and may inhibit GNs or GNi interaction with the catalyﬁic moiety of
adenylate cyclase. Another possible explanation for tubulin effects might be a
tubulin association with By (due to a tubulin/GNs or tubulin GNi homology) and

subsejuent promotion of adenylate cyclase inhibition. The lack of direct effects of

microtubule-disrupting drugs upon adenylate cyclase inhibition makes this unlikely,

however.

1.5 Physiological Considerations for Cytoskeletal/GN Association
The possibility that cytoskeletal or membrane components participate in an 5

intracellular regulation of adenylate cyclase is exciting for several reasons.

First, the prominence of neurotransmitter receptors linked to GNi in the CNS makes it

4 ::J;v .
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Mark M. Rasenick, Ph.D.

likely that such re;eptors act not only subsequent to GNs-linked neurotransmitters,
but on their own as well. Clearly, nmicrotubule-disrupting drugs are not invnlved in
an intracellular process, but enzymes which modify microtuble-associated components,
such as Ca**/calmodulin dependent protein kinase {see below), might alter adenylate
cyclase activity in a similar manner. Such a mechanism could account for the
observed interaction between agents which result in an elevation of intracellular
calcium and adenylate cyclase. This is especially relevant in lizht of the
modulation of neural adenylate cyclase by calmodulin to a much greater extent than
such modulation occurs in non-neural tissues. Thus, it appears that several
components function in a sense of integiated cooperation toward the possible
intracellular regulation of neurotransmitter responsiveness. Variations in this
system might vell result in variations in mental function.
2.  SCIENTIFIC PROGRESS
2.1 AAGTP Labelling

In previous studies, we have identified several proteins which sppear capable of
binding the photocffinity GTP analog, azidoanilido GTP. These proteins are of the M,
52,48,42,40,36 and 30 KDa. The 40 KDa proteins, which is also a pertussis toxin
substrate, {s the dominant AAGTP-binding protein in membranes which have been washed
after exposure to AAGTP but prior to UV pho;olysil; The 40 KDa protein appears to be
the inhibitory GTP-binding protein, GNi (which exists in multiple forms, Heer et al.,
1984), and the 42 KDa protein appears to be the GNs (see below). Identification of
the proteins was made by electroph or etic co-migration with purified G-proteins
(provided by Dr. Lutz-Birnbaumer). .

Studies on the regulation of GTP binding within the adenylate cyclasea system
have been attempted using the purified components of that system. In such studies,
the specificity of nucleotide binding is unquestioned, but the regulation of that

binding cannot be addressed properly. Membrane systems have been employed to study

5
T A TN A A N T 0 Y O Y e A A A0 O DO




* ) Mark M. Rasenick, Ph.D,

the binding of the hy&rolysis-resis:ant GTP analog, 3 GppNHp, but low binding
specificity and GppNHp binding unrelated to adenylate cyclase make these experiments
problematic. The photoaffinity probe, AAGTP, provides an ideal solution, as the
binding specificity can be analyzed by PAGE yet the membrane systems remain intact
(Rasenick et al., 1984).

2.2 Interaction Between Nucleotide Binding Proteins

In addition to serving as a photoaffinity GTP probe, AAGTP is an hydrolysis-
resistant GTP analog which is capable of supporting sustained stimulation or
sustained inhibition of adenylate cyclase. Under conditions where exposure of AAGTP
to rat cerebral cortex synaptic membranes results in stable inhibition of adenylate
cyclase (Figure 2), a subsequent incubation with either GppNHp or NaF can override
this inhibition. When 32P labelled AAGTP is employed under these conditions, AAGTP
is bound, primarily to the 40 KDa GNi (Figure 2). Under'condicions where AAGTP or
NaF override the inhibition, 32P AAGTP is increasingly lost from GNi and it appears
on GNs. The total AAGTP in GNs and GNi remains constant (Figure 2). (note: the UV
irradiation and covalent binding of AAGTP occurs only after the incubation with
GppNHp or NaF. Any guanyl nucleotide which will activate synaptic memtrane adenylate
cyclase will have a similar effect. NaF does not compete with AAGIP for a binding
site on GNs or GNi, and other guanyl nucleotides compete slowly.

The observed phenomena appear consistent with a transfer of bound nucleotide
between GNi and GNs as adenylate cyclase switches from inhibition to stimulation
(Figure 3). The postulated exchange of AAGTP between CNi and GNs is sufficiently
rapid that if GTP were the bound nucleotide (as in the case within neurons) exchange
could occur before hydrolysis, which could require 2 minutes. It is noteworthy that
direct exchange of NAD has been proposed to occur among mitochcndrial hydrolases.
2.3 A Novel GYP-Binding Protein

We have also demonstrated the presence of a 32 KDa GIP binding protein. This

6
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protein is not a substrate for ADP ribosylation hy pertussis or cholera toxin, and it
binds AAGTP loosely yet specifically. A protein of 32 KDa has co-purified with the
GNi protein of bovine cerebral cortex but it is not clear whether this protein is
identical with the one we have observed. It does not appear that the 32 KDa AAGTP-
binding protein is a protenlytic fragment of GNi or GNs, as V8 protease studies yield
different fragments for these species (Figure 4). We have chserved this protein in
brain and platelet, but not liver or kidney membranes, and it is tempting to
speculate that it may be involved in some GTP regulated process which is unaffected

by cholera or pertussis toxin (Figure 4).

2.4 GNs-Tubulin Interaction
2.4.1 Microtubule D u n S crease Adenylate Cyclase Coupling

Microtubule-disrupting drugs have been shown to increase adenylate cyclase
activity in synaptic membranes prepared from rat cerebral cortex (see Fig. 1),
Activation of the enzyme by hydrolysis-resistant GTP analogs and NaF is augmented by
colchicine or vinblastine (EC5g = 5 x 10-7 M), while basal and Mn** stimulated
(reflecting catalytic-moiety activation) activities are unchanged (Rasenick et al.,

1981). These finding suggest that the microtubule-disrupting drugs Iincrease the

"coupling® between tue GTP-binding protein which stiwvlates adenylate cyclase (GNs) %ﬂ
"5‘“}:
and the catalytic moicty of that enzyme. When these membranes are treated with %@

colchicine ur vinblastine and subsequently washed, activity of the GNs protein is
released from the membranes into the supernatants. This release of Ns activity is
indicative of facilitated Ns-.catalytic moiety coupling and is similar to that
obsérved in the homologous cGMP phosphodiesterase cascade from refinalytod outer

segments,

Although microtubule disrupting drugs incraose cAMP accumulation in intact cells

(Rudolph et al., 1978; Kennedy and Insel, 1978) colchicine or vinblastine enhancement

of adenylate cyclase in broken cell preparations, and the release of AAGTP-labelled

7
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Ns, has been obsetved.only in membranes from tissues of neural origin. These data
lead to the proposal of a hypothetical Ns-tubulin interaction on the synaptic
membrane similar to that suggested for actin and fibronectin. The physiological
significance of a putative Ns-tubulin interaction (association/dissociation) might be
to intracellularly regulate the amount of cAMP produced in response to a given
neurotransmitter.

2.4.2 u ) ' e te ase

Incubation of tubulin (EC5g = 0.5 pg/ml.; 10nM) with synaptic membranes inhibits
guanyl nucleotide and NaF activated adenylate cyclase by 50 - 60 percent without
altering basal and Mn** activation of the enzyme (Rasenick, 1985).

Tubulin incubation does not inhibit basal or Mn** stimulated adenylate cyclase,
thus, only Ns-mediated adenylate cyclase appears to be involved. The "ICyqp" for this
effect is about 10 nM and the effect is maximal at 40 nM tubulin. The ratio of
microtuble protein: total synaptic membrane protein required to achieve this effect
is about 1:500. Although the nature of tubulin interaction with these membranes is
unclear, the effects of added tubulin are maintained after the membranes are washed.

Cne interpretation of these results might be that addition of tubulin to these
mem?ranes results in increased tubulin-Ns association and subsequently, decreased Ns
mediated adenylate cyclase coupling. The possibility of a trace impurity in the
tubulin preparation having these effects, or of tubulin acting indirectly on Ns
cannot be ruled out. Furthermore, observed exchange of some nucleotide between
tubulin and GNi is a possible mechanisu for this phenomenon.

2.4.3 Release of CNs From The Synaptic Membrane and GNs Binding to Tubuljn

As stated above, the photoaffiniﬁj CfPranalog AAGTP labels both the 42 KDa GNs

and the 40 KDa inhibitory GiP-binding proteins GNi on the synaptic membtanés

(Rasenick et al,, 1984). Under conditions where microtubule disrupting drug

treatment and subsequent washing releases GNs activity into the supernatant, AAGTP-
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labelled 42 KDa protein is also released from those membranes (Rasenick et al.,
1984). 1his labelled 42 KDa protein is retain;d by an agarose-tubulin affinity
column and, when eluted from the column, the protein aisplays Ns activity
(reconstitution of GNs-deficient adenylate cyclase). GTP-dependent (GNi mediated)
inhibition of adenylate cyclase is unaltered by colchicine of vinblastine treatment,
and the 40 KDa AAGTP labelled protein is not released from the synaptic membrane by
these agents,
2.5 PERMEABILIZED INTACT CELLS

We have developed an ussay for adenylate cyclase in intact, saponin
permeabilized C6 cellé. This treatment makes holes of 0.1 to 1 micron in plasma
membranes while retaining cell viability (Brooks and Carmichael, 1983). ATP is added
to these permeabilized cells and when a 32p ATP is included 32P caMF produced can be
measured (Rasenick and Kaplan, in press). There appears to be a distinct difference
in the ccupling pattern of the adenylate cyclase system in C6 membrames versus intact
C6 cells. This is evidence by a virtually sbsolute requirement for hormone in order
to observe effects of guanina nucleotides in the activation of adenylate cyclase
(Figure 5), is marked contrast to membrane. Curiously, inhibition of adenylate

zyclase by GTPyS proceeds without a hormone requirement (Figure 6).
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Control: (H,0 or Lumicolchicine)

Synaptic
R‘ Membrane

Ni @

Synaptic
Membrane

-

Figure 1: Interaction of Tubulin with Adenylate Cyzlase

The above represents a possible format for adenylate cyclase activation or
inhibition, and the effects of microtubule disrupting drugs upon that process. Rs
and Ri represent receptors for stimulatory (s) and inhibitory (i) hormones or
neurotransmitters and GNs or GN{ represent the GIP-binding regulatory proteins linked
to those receptors. B (35 KDa) and 4 (14 KDa) are regulatory proteins which are
associated with the GN complex and the catalytic moiety (CAT) produces cAMP from ATP.
In this cartoon, tubulin is associated with GNs and colchine or vinblastine
dissociate these proteins, resulting in augmented activation of adenylate cyclase by
GNs. Addicionally, we have indicated recently that infection of guinea pigs with
Creutzfeldt-Jakob ager: promotes coupling between GNs and the adenylate cyclase
catalytic moiety (Rasenick et al., 1986) in basal ganglia membranes prepared from

those animals.
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Figure 2. (Upper) SDS/PAGE analysis of AAGTP-labeled synaptic membranes,

Synaptic membranes were incubated with 1.2 x 10°7 M [32P]AAGTP as above but
after 2nd incubation with GppNHp, reactions were subjected to 20 min of UV photolysis
on ice. The membranes were then washed and submitted to SDS/PAGE and

autoradiographed.
(LOWER). Adenylate cyclase activity of snyaptic membranes incubated with AAGTP.

Synaptic membranes prepared from rat cerebral cortex were incubated with AAGTP
(1.2 % 104 M) for 3 min at 23°C, subsequently washed and assayed for adenylate
cyclase activity with indicated concentration of GppNHp. Adenylate cyclase activity
is expressed as a percentage of the control activity of the membranes which were not
incubated with AAGTP. Values are means of 3 experiments and basal adenylate cyclase
activity in control membranes was 50.4 pmol/mg protein/min. Persistent inhibition of
adenylate cyclase was dose-dependent between 10-8.10"
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Figure 3. Model for transfer of guanine nucleotides.

Nucleotide is initially bound to GNi when adenylate cyclase is inhibited. As
this inhibition is overridden by GppNHp of NaF, nucleotide[*] is transferred to GNs
from GNi. Although we depict Ay transferring from GNi to GNs along this process, we
have no data which suggest that this occurs in synaptic membranes.
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-

S. aureus V8 Protease Digestion

42 kDa -
40 kDa -

32 kba - @ 8. -np

Figure 4,

Auraradiograph of SDS PAGE of Staphylococcus aureus V8 protease digestion
products. [ P]AAGTP -labelled bands from SDS PAGE gels were digested without prior
elution, by packing gel slices contzining these bands in the sample wells of a second
SDS gel and then overlaying each slice with §. aureus V8 protease (500 ng/lane).
Digestion proceeded directly in the stacking gel during the subsequent
electrophoresis. Llane a, b, and c, no protease; lane 4, e, and £, §. aureus V8
protease (500 ng/lane) Lane a and d, 42 KDa (GNs) protein; lane ¢ and £, 32 KDa

protein.
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Figure 5. Guanine nucleotide activation of adenylate cyclase 15 C6 membranes and
Permeabilized cells.

C6 membranes were incubated with (4) or without (4) isoproterenol (1 uM) in the
presence of indicated GT?-vS concentrations. Permeabilized C6é cells were assayed for
adenylate cyclase activity in the presence (o) or absence (o, of isoproterenol (1 uM)

with the indicated concentration of GTP-4S (1 pM).

Means of triplicate determinations (+SEM) from one of three (cells) or four
(membranes) similar experiments are depicted above.
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Figure 6. Adenylate cyclase inhibition in permeabilized C6 cells.

C6 cells are incubated with or without pertussis toxin (IAP°10 pg/ml) for 3
hours prior to assay. Cells are then saponin treated and incubated with forskolin
(10 pM) plus the indicated GTPyS concentration. Adenylate cyclase activity is

determined as listed in the methods.
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Creutzfeldt-Jakob infection increases adenylate cyclase
activity in specific regions of guinea pig brain
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Creutzfeldi-Jakob disease is a slow, infectious, progressive neurological disorder which results in human
dementia. Synaptic membranes from various brain regions of guinea pigs infected with Creutzfeldt-Jakob
disease show increased guanyl nucleotide- or 5-hydroxytryptamine-mediatad activation of adenylate cyclase,
This increased enzyme activity appears due, primarily, to facilitated ‘coupling’ between the GTP-binding
protein which stimulates adenylate cyrlase (GN,) and the catalytic moiety of that enzyme rather than in-
creased sensitivity to S-hydroxytrvptamine. It is possible that this phenomenon is due to direct eflects of
the Creutzfeldi-Jakob infectious agent, or a pathological product resulting from that agent, upon synaptic
membrane adenylate cyclase.

GTP-binding protein Recepror-effecior coupling

1. INTRODUCTION

Creutzfeldt-Jakob disease (CID) is a slow, infec-
tious, progressive neurological disorder which
results in human dementia, and may provide a
paradigm for more common progressive human
dementias such as Alzheimer's disease. CJD is
characterized by spongy or membranous changes
in affected neuropil, particularly in synaptic
regions [1]. Human autopsy material can be used
to transmit CJD to rodents [2] and the infectivity
is closely associated with a specific, symapiie
membrane-associated protein [3,4]. In order to
study the possibility that synaptic membrane ac-
cumulation of CJD infectious agent, or agent
elicited protein, causes clinical and pathological
manifestations of CJD, the functional capacity of
the neuronal membrane enzyme, adenylate
cyclase, was examined.

Note: Various authors have referred to these proteins as
N (pucleotide binding protein) and G (GTP binding pro-
tein). Here, we refer 10 these proteins as GN, or GN; -
GN referring to guanine nucleotide

Oneogene product  Dementia  Signal transduction

A variety of hormones or neurotransmitters
mediate the activity of adenylate cyclase, however,
in neuronal membranes this enzyme can be
stimulated or inhibited directly by hydrolysis-
resistant guanine nucleotides or F~ and these ac-
tions are expressed through separate guanine
nucleotide-binding proteins: GN, (stimulation) and
GN; (inhibition). The coupling of adenylate cyciase
refers to the interaction between (or among)
neurotransmitter receptor, GN, or GN; and the
adenylate cyclase catalytic moiety. We have
demonstrated previously that neuronal adenylate
cyclase - coupling might be augmented by
treatments which alter cytoskeletal or membrane
composition [5,6] and by chronic antidepressant
treatment [7]. Thus, we undertook to investigate
the possibility that the membrane changes
associated with Creutzfeldt-Jakob infection might
also effect changes in neuronal adenylate cyclase
coupling. Further, recent investigations in rodents
infected with scrapie (a spongiform encephalopa-
thy similar to CJD) have detected diminished brain
S-hydroxytryptamine (SHT) levels. In these
studies, some of the behavioral aspects of scrapie

Published by Elsevier Science Publishers B.V. (Biomedical Division)
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infection were ascribed 1o SHT supersensitivity
18,9]. Pursuant to those studies, we chose addi-
tionally to examine SHT-activated adenylate
cyclase in brains of normal and CJD-infected
guinea pigs.

2. MATERIALS AND METHODS

2.1. Animals ‘

We utilized a serially passaged guinea pig model
of CJD [10]. Synaptosome-enriched fractions were
prepared as described [3] from animals showing
typical clinical signs of disease (approx. 20 weseks
after i.c. inoculation of young adult guinea pigs).
Material from several serial passages was stucied
(i.e. passages 14—18), and all studies included (i)
parietal cerebral cortex, (ii) hippocampus, and (iii}
basal ganglia. Regions were rapidly dissected,
synaptosomal fractions prepared, and aliquots of
prepared membranes stored in liquid nitrogen until
assay. Spongy changes are especially apparent in
this CID passaged material in cerebral cortex and
basal ganglia (2]. Controls included normal young
adult as well as older (2-year-old) guinea pigs of
the sams strain, and synaptic membrane-enriched
fractions were derived identically to those from in-
fected animals.

2.2. Adenylate cyclase assays

Membranes were suspended in 20 mM Hepes
(pH 7.4) with 5 mM MgCl;, 1 mM DTT and
0.3 mM PMSF and assayed in duplicate for
adenylate cyclase as described [5]. Briefly, 20 4g
membrane protein was preincubated with SHT (in
0.02% ascorbate) and/or other agents (as in-
dicated) at 30°C for 20 min. Following this, ATP
(500 4M) wat added (final incubation volume
100 1) and the reaction mixtures incubated at
30°C for 10 min. Reactions were stopped by boil-
ing (3 min) and the cAMP produced assayed by
protein binding. Some experiments were per-
formed similarly except that the assay was by the
method of Salomon [26), and triplicate rather than
duplicate determinations were made. These assays
were stopped by the addition of 1% SDS rather
than by boiling.

3. RESULTS

In all experiments (figs 1,2) there was a clear in-
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Fig.1. Adenylate cyclase activity in infected and control
guinea pig basal ganglia membranes at indicated SHT
concentrations. Guinea pigs were inoculated with a2 10%
homogenate of CJD passage brain [10] and killed at late
clinical stages of the disease. Histological confirmation
of the disease was made in paralle! cage-mates displaying
similar sympiomology. Fresh brain (control,---; or
CJD-infected,——) synaptosome-enriched fractions
from each region were prepared and assayed as
described, in the presence of the indicated SHT
concentration plus 5§ sM Gpp(NH)p. Values expressed
are means of duplicate determinations for one of three
similar experiments.

crease in adenylate cyclase activity in membranes
from CJD-infected animals. In membranes from
CJD-infected animals, the magnitude of the SHT
response was enhanced (fig.1) without any ap-
parent change in the SHT sensitivity. Adenylate
cyclase activation by SHT in control membranes
was somewhat less sensitive but otherwise com-
parable to that reported in [11]). Hippocampal
membranes from infected animals showed a pat-
tern of increased SHT-activated adenylate cyclase
similar to that observed in the basal ganglia.
Although the resulis in fig.1 indicate some in-
creased SHT responsiveness, they cannot be ex-
plained on the basis of increased SHT sensitivity
due to the large increase in overall adenylate
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cvclase activity in membranes from ClD-infected
animals. Therefore, other aspects of adenylate
cyclase activation were examined. Basal adenylate
cyvclase activity was indistinguishable between
membranes prepared from infecied animals and
controls (fig.2, lanes A). Adenylate cvelase activity
in the same preparations was also measured in the
presence of MnSO,. Mn?® activates the catalytic
moiety of adenylate cyclase, and under these assay
conditions, is thought to reflect the activity of the
enzyme which is independent of GN, {5,12}). If
membranes were pathologically destroved in CJD,
one would expect 1o see less adenylate cyclase
specific activity under these conditions as com-
pared to controls. In both brain regions, the
Mn®"-stimulated catalytic moiety activity of
adenylate cyclase in CJD groups was comparable
(fig.2, lanes B). We then studied the GN;-
dependent activation of adenrylate cyclase by using
NaF or the hydrolysis-resistant GTP analog,
Gpp(NH)p. In the presence of § x 107*M
Gpp(NH)p (fig.2, lanes C) both basal ganglia and
hippocampus membranes showed an activation of
adenylate cyclase that was significantly greater
than the controls. At a submaximal concentration
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of Gpp(NH)p (10~7 M), adenylate cyclase ac-
tivities in membranes from infected animals were
85% (basal ganglia) and 40% (hippocampus)
greater than controls in the illustrated experiment.
The ‘mean and standard deviation for § ex-
periments indicated an increase in GppNHp-
activated adenylate cyclase of 66 + 17% (mean =
SD) in CJD-infected basal ganglia and 52 = 22%
in CJD-infected hippocampus compared to con-
trols. In each experiment NaF also elicited in-
creased adenylate cyclase activity in basal ganglia
and hippocampus in CJD-infected animals (e.g.
lanes D, fig.2). Combined data for all experiments
showed an increase in NaF-stimulated adenylate
cyclase of 100 + 20% (basal ganglia) and 56 =x
16% (hippocampus) in membranes from CJD-
infected animals as compared to controls.

Unlike basal ganglia and hippocampus, cerebral
cortex membranes from CJD-infected animals
showed a slight decrease in GpoNHp-stimulated
adenylate cyclase. The cerebral cortex shows mark-
ed vacuolization at end stages of CJD, and it is
possible that these pathological changes preclude
detection of elevated alenylate cyclase in this
region.

- B.
HIPPOC AMPUS

D correm.

ZZd <o wescren

Fig.2. Adenylate cyclase activity in membranes prepared from basal ganglia or hippocampus in CJD-infected and

control guinea pigs. Additions to the adenylate cyclase preincubation and assay: (A) H;0, (B) MnSQ, (10 mM), (C)

Gpp(NH)p (5 M), (D) NaF (20 mM). Points represent the means of duplicate determinations from one of 3-5 similar
experiments. Means + SD of normalized data from all experiments (N = 6~10) are given in the text.
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4. DISCUSSION

1t is clear from the above studies that the integri-
ty of the adenvlate cvclase system of membranes
from bhasal ganglia and hippocampus remains in-
act in this disease, despite extensive pathological
changes at the synaptic level [2,10]. Pathological
changes in neurons secondary to CJD infection,
and not necessarily entailing a direct or specific ef-
fect on neuronal membranes, could lead to the in-
creased adenylate cyclase activation obtained
above. In this context, several mechanisms may be
considered. For example, disruption of neuronal
cytoskeletal integrity, consistent with the focal
clearing observed in synaptic processes of CID-
infected animals (13,14,;5], may increase
adenylate cyclase activity. i  has been
demonstrated previously, ¢~ that activation of
neuronal adenvlate cyc?ase through GN; is en-
hanced as a consequence of treatment with
microtubule-disrupting drugs or agents which in-
crease membrane fluidity [5,6,15]). Furthermore,
selective damage of SHT-containing neurons can
lead to SHT-stimulated adenylate cvclase supersen-
sitivity in SHT-responsive neurons. SHT supersen-
sitivity (due 10 reduced SHT levels) has been in-
voked to explain some of ihe behavioral changes
observed in scrapie-infected yodents {9,10], and an
increased response to SHT may be present with
respect to adenylate cyclase in the CJD-infected
animals in these studies. Increased SHT response
observed in basa! ganglia, which may be consistent
with some depletion of SHT at presynaptic ter-
minals, is dependent upon low (5 x 10™%) GppNHp
concentrations in the adenylate cyclase assay.

" However, increased response to SHT does not

alone explain increased adenylate cyclase activa-
tion in membranes from CJD-infected animals by
NaF or GppHNp. Reserpine treatment {11],
chronic elentroconvulsive shock and chronice treat-
ment with tricyclic antidepressants {7) can also
enhance brain adenylate cyclase. The reserpine ef-
fect is similar to that ohserved in CJD where
elevated SHT responsiveness was found at essen-
tially all concentrations tested and is compatible
with enhanced coupling of the GN, protein to
adenylate cyclase, rather than (or in addition to) a
specific receptor-mediated enhancement. In sum-
mary, this work shows an increased interaction
(coupling) of GN, as the predominant consistent
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finding in CJD membranes from basal ganglia and
hippocampus. Additionally, SHT supersensitivity
in basal ganglia may occur secondary to
pathological depletion of SHT terminals in that
region.

Both CJD and scrapie are related infectious
agenis, and similar specific sialoglycoproteins have
been iaentified in both diseases [4,16,18); these
proteins share common antigenic epitopes [4, 5]/
and are found in subcellular fractions that are
highly infectious. These proteins, as well as infec-
tivity and unique fibrils, cosediment with, and are
tightly bound 10, synaptosome-enriched or synap-
tic membrane fractions [3,4]. 1t is possible that in-
sertion of CJD-specific proteins into neuroral
membranes directly alters the interaction of GN;,
with the adenylate cyclase catalytic moiety.
Another possibiliy is that a CJD-elicited mem-
brane protein mimics GN; in the acdvation of
adenylate cyclase. Althnugh at present we have no
evidence favoring a direct membrane effect over
one secondary to other neuronal pathology (e.g.
cytoskeletal changes), it is of interest that recent
experiments on ras proteins, have indicated that
oncogene products (p2l-related membrane pro-
teins) can directly bind guanine nucleotides and
display GTPase activity {20]. There is some se-
quence homology between ras proteins and
adenylate cyclase GN proteins {20,21) and ras
membrane proteins might substitute for GN; in the
aciivation of adenylate cyclase [22] associated with
transformed growth potentials (this is a matter of
some controversy {23]). Although CJD and scrapie
are dogenerative diseases, there is some evidence
that exposure to these agents can also result in
altered growth potentials and cell transformation
[24,25]. Perhaps a similar protein and similar
phenomena account for the observed increase in
GN, activated adenylate cyclase in CJD
membranes.

Further investigation of (i) adenylate cyclase
response patterns during the long incubation
period of CJD (e.g. at early and preclinical stages
of infection), (ii) the nature of CJD specific pro-
tein(s) interactions with membrane components
(i.e. the ability of these proteins to bind guanine
nucleotides), and (iii) membrane alterations in
CJD-transformed cells should help to clarify the
exact tarpet of these ‘unconventional’ infectious
agents and their role in the genesis of
encephalopathy.
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Regulation of Neuronal Adenylate Cyclase
by Microtubule Proteins’

MARK M. RASENICK

Department of Physiology and Biophysics “
University of Hlinois College of Medicine
Chicago, lllinois 60680

Microtubule-disrupting drugs have been shown to increase adenylate cyclase activity
in synaptic membranes prepared from rat cerebral cortex. Activation of the enzyme by
hydrolysis-resistant guanosine triphosphate (GTP) analogues and NaF is acgmeated
by colchicine or vinblastine (ECy = S x 10-"M), whereas basal and Mn**-stimulated
(reflecting catalytic-moiety activation) activities are unchanged.! These findings
suggest that the microtubule-disrupting drugs increase the “coupling™ between the
GTP-binding protein that stimulates adenylate cyclase (Ns) and the catalytic moiety
of *hat enzyme. When these membranes are treated with colchicine or vinblastine and
subsequently washed, activity of the Ns protein is released from the membranes into
the supernatants. This release of Ns activity is indicative of facilitated Ns-catalytic
moieiy coupling and is similar to that observed in the homologous cGMP phrsphodies-
.erase cascade from retinal rod outer segments.?

Incubation of tubulin (ECy = 0.5 ug/ml; 10 nM) with synaptic membranes
inhibits guanyl nucleotide and NaF activated adenylate cyclase by 50-60% without
altering basal and Mn** activation of the enzyme (FIGURE 1). The effects of this
tubulin incubation are sustained sven after membranes are washed. Furthermore, i
treatments that diminish the amounts of membrane-associated tubulin increase
Ns-mediated adenylate cyclase activation.

The photoaffinity GTP analogue (P'azidoanilido)-P'-5' GTP (AAGTP) labels
both the 42 kD Ns and the 40 kD inhibitory GTP-binding protein (Ni) on the synaptic
membranes.” Under conditions where microtubule disrupting drug treatment and
subsequent washing releases Ns activity into the supernatant, AAGTP-labeled 42 kD
protein is also released from those membranes (FIGURE 2). This labeled 42 kD protein
is retained by an agarose-tubulin affinity column, and when eluted from the column,
the protein displays Ns activity (reconstitution of Ns-deficient adenylate cyclase).
GTP-dependent (Ni mediated) inhibition of adenylate cyclase is unaltered by colchi-
cine or vinblastine treatment, and the 4C ki AAGTP labeled protein is not released
from the synaptic membrane by these agents.

Although microtubule disrupting drugs increase cyclic adenosine monophosphate ;
(cAMP) accumulation in intact cells,' colchicine or vinblastine enhancement of
adenylate cyc'ase in broken cell preparations and the release of AAGTP-labeled Ns
has been observed only in membranes from tissues of neural origin. These data lead to
the proposal of a hypothetical Ns-tubulin inter_:tion similar to that suggested for actin
and fibronectin.’ The physiological significance of a putative Ns-tubulin interaction
(association/dissociation) might be to regulate intracellularly the amount of cAMP
produced in response to a given neurotransmitter.

*This work was supported by Air Force Office of Scientific Research Grant 83-0249.
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FIGURE 1. Inhibition of Ns-mediated adenylate cyclase by tubulin. Synaptic membranes were
washed twice in 20 mM Tris HCl (pH7,5) containing 1 mAf dithiothreitol (DTT), 0.3 mM
phenytmethy! sulfony! fluoride (PMSF) and 1 mAM ethylene diaminc tetraacetic acid (EDTA).
Following this, membranes were resuspended in the above buffer containing 5 .nM MgCl [no
EDTA), linoleic acid (10 ug/ml). phosphatidylcholine (1 mg/ml), and the indicated tubulin
{phosphocellulose purified from rat brain) concentration and incubated for 10 minutes at 37°C
followed by 15 minutes on ice. Following this, guanylyl inidodiphosphate (Gpp{NH]p) (10 s M)
was added, and the tubes were incubated at 3U°C for 10 minutes followed by the addition of
adenosine triphosphate (ATP) and a 10-minute assay incubstion. Adenylate cyclase activity in
the absence of added tubulin plus 10 M GppNHp was 326 pmol cAMP/mg protein/minute.
Basal adenylate cyclase activity (in the absence of added GppNHp) was 36 and 47 pmol
cAMP/mg protein/min respectively in the absence or presence of § ug/ml added tubulin.

Tubulin incubation did not inhibit basal or Mn**-stimulated adenylate cyclase; thus, only
Ns-mediated adenylate cyclase appears to be involved. The “1Cy" for this effect is about 10 nM,
and the effect is maximal at 40 nM tubulin. The ratio of microtubule protein:total synaptic
membrane protein required to achieve this effect is about 1:500. Although the nature of tubulin
interaction with these membranes is unclear, the effects of added tubulin are maintained after the
membranes are washed.

One interpretation of these results might be that addition of tubulin to these membranes results
in increased tubulin-Ns association and subsequently, decreased Ns-mediated adenylate cyclase
coupling. The possibility of a trace impurity in the tubulin preparation having these effects, or of
tubulin acting indirectly on Ns, cannot be ruled out.
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FIGURE 2. Photoaffinity labeling and colchicine or vinblastine mediated increase in Ns
mobility.

A: Synaptic membranes were incubated with 1 uM ["HJAAGTP at 30°C for 20 minutes followed
by 20 minutes of UV photolysis on ice. The reaction was quenched with 4 mM DTT, and the
membranes were then incubated at 30°C for 10 minutes with $ uM of sither colchicine (lanes b
and d) or lumicoichicine (lanes a and c). Following this, the membranes were washed three times
with a low ionic strength buffer (2 mM HEPES, pH 74, | mM MgCl, 2 mM DTT), and the
proteins released from the membranes were electrophoresed on 10% polyscrylamide gels and
radioautographed. Lanes a and b represent Coomassie blue staining patterns, and lanes cand d
are radiofluorographs.

B: Synaptic membranes were treated as above except that [*PJAAGTP was used. Following
photolysis, the membranes were treated with H,;O (lane a), 0.1 g M vinblastine (lane b) or 10 uM
vinblastine (lane c), and washed as above. These radicautographs represent labeling on the
membranes rather tha:. on the supernatants.

Similar experiments using unlabeled AAGTP with subsequent adenylate cyclase assays rather
than autoradiography show a vinblastine-mediated loss of Ns activity subsequent to washing
without a concomitant loss of Ni activity. Under conditions where colchicine or vinblastine
enhance “coupling” of the Ns protein with the adenylate cyclase catalytic moiety, washing
membranes with buffer reles.ses about 50% of the Ns activity. This is borne out by comparing
[’3)PM in the 42 kD banis from A, which are 7,445 in lane d and 4,343 in lane c.

Although the coupling of Ns is enhanced by microtubule disrupting drugs, that of Ni is not.
Similarly, the 40 kD GTP-binding protein is not released from the membrane under conditions
where Ns appeart 1o be released.
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regulate neuronal adenylate cyclase
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Communicated by Max Tishler, April 14, 1986

ABSTRACT GTP-binding proteins have been demonstrat-
ed to stimulate and inhibit rat brain adenylate cyclase without
the prior addition cf hormone. Exposure of rat cerebral cortex
membranes tc hydrolysis-resistant GTP analogs results in
inhibition (or stimulation) of adenylate cyclase, which persists
subsequent to buffer washing. The hydrolysis-resistant GTP
photoaffinity probe P>-(4-azidoanilido)-P*-5' GTP (AAGTP)
can promote a similar persistent inhibition of adenylate cyclase,
and, after removal of unbound AAGTP and subsequent UV
photolysis, AAGTP is covalently linked to the 40-kDa irhibi-
tory GTP binding protein, GN; (inhibitory guarine nucleotide
binding regulatory subunit of adenylate cyclase). Under con-
ditions where the persistent inhibition of adenylate cyclase is
overcome by subsequent incubation with 5'-guanylyl imido-
diphospnate or NaF, AAGTP bound to the 40-kDa GN,; protein
is diminished while that bound to the 42-kDa stimulatory
GTP-binding protein (GN,) is increased. Additionally, we have
identified a 32-kDa protein that binds AAGTP with an affinity
similar to that of GN,. This protein does not appear to be a
byproduct ¢f proteolysis as demonstrated by Staphylococcus
aureus V8 protease digestion experiments, and it is not a
substrate for ADP-ribosylation by bacterial toxins. The sum of
the AAGTP bound by the GN, and GN, proteins is constant,
and the transfer of nonphotoactivated AAGTP to GN, from
GN, is stable to buffer washing. Furthermore, this alteration in
the AAGTP-labeling pattein corresponds to the shift in sde-
nylate cyclase from inhibition to stimulation. These data raise
the possibility that hydrolysis-~ >sistant GTP analogs might be
exchanged directly betweer the GN, and GN, and that there
exists some interaction between those proteins in the regulation
of adenylate cyclase activity.

Neuronal adenylate cyclase is yvesponsive to a variety of
neurotransmitters which stimulate or inhibit that enzyme.
These neurotransmitters exert their effects through at least
two membrane-associaied GTP-binding proteins, referred to
as GN, and GN;, denoting, respectively, the stimulatory and
inhibitory guanine nucleotide binding regulatory subunit of
adenylate cyclase. The a, or GTP-binding, subunit of GN; has
recently been purified from bovine cerebral cortex and
appears to consist of two or three pertussis toxin substrates
clustered at about 40 kDa (1, 2). The a subunit of GN, has
been purified and appears to be a single polypeptide of about
42-45 kDa (3), although in some tissues a 48- to 52-kDa form
of GN, also appears (4). GN, and GN,; regulate the catalytic
activity of the adenylate cyclase through interaction with a
distinct catalytic moiety of the enzyme. The mechanism of
this reguiation is unknown, but it has been suggested that the
B and y components (36 kDa and 8 kiDa, respectively)
common to GN, and GN;, provide a regulatory function (5, 6).

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’”
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

Experiments designed to understand the nature of GN, or
GN; interaction with the adenylate cyclase catalytic moiety
have involved the use of purified proteins (3), often inserted
into phospholipid vesicles (7, 8). Such systems generally
combined a single hormone receptor type, GN, or GN; (not
both), and a resolved, partially pure adenylate cyclase
catalytic moiety. Although such systems have been extraor-

. dinarily illuminating with regard to some aspects of GN, and
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GN; function, the membrane systems that provide the natural
habitat for these proteins are considerably more complex.
Multiple receptor types, the coexistence of GN, and GN;, and
a myriad of membrane-associated proteins (some of which,
such as cytoskeletal proteins, may interact with the adenylate
cyclase system; refs. 9 and 10) probably represent the
convzntional milieu for adenylate cyclase, and the duplica-
tion of such an environment is not possible within reconsti-
tuted systems.

The regulation of GTP-binding by GN, and GN; has proved
similarly enigmatic. This has been studied with the purified
proteins, where the specificity and the precision of binding is
unquestioned, but the regulation of that binding is unclear (3,
6). Membrane systems have been used to study binding of the
tritiated hydrolysis-resistant GTP analog 5’-guanylyl imido-
diphosphate (p{NH1ppG) (11, 12), but low-binding specificity
and p{NH]ppG binding unrelated to adenylate cyclase make
interpretation of these experiments probiematic. The hydrol-
ysis-resistant photoaffinity GTP probe, P3-(4-azidoanilido)-
P'-5' GTP (AAGTP), has been demonstrated to bind to the
GN; of adenylate cyclase from pigeon erythrocytes (13) and
rat cerebral cortex synaptic membranes (14). In this manu-
script we report a distinction between GN, and the GN;
complex in relative affinity for AAGTP. We also report that,
as the adenylate cyclase complex shifts from the inhibited to
the activated state, AAGTP appears to be exchanged be-
tween the GTP-binding proteins responsible for regulating
those processes.

MATERIALS AND METHODS

Tissue Preparation. Synaptic membrane-enriched fractions
were prepared from 21-day-0ld male Sprague~-Dawley rats as
described (15, 16) and stored under liquid nitrogen until use.

Adenyiate Cyclase Assay. Membranes were thawed and
resuspended in a buffer containing 20 mM Hepes (pH 7.5), 1
mM MgCl;, 1 mM dithiothreitol, and 0.3 mM phenyimeth-
ylsulfonyl fluoride and were incubated with or without
AAGTP 2t 0.12 or 120 uM at 23°C for 3 min. After incubation
the membranes were washed twice and resuspended in the
same buffer. Washed membrares (10-20 ug) were incubated

Abbreviations: GN, guanine nucleotide binding regulatory subunit of
adenylate cyclase; GN,, stimulatory GN; GN,, inhibitory GN;
AAGTP, P’-(4-azidoanilido)-P'-$* GTP; p{NHlppG, $'-guanylyl
imidodiphosphate; GTP[yS), guanosine (5'-0°)-1-thiotriphosphate;
1AP, islet-activating protein.

*To whom correspondence should be addressed.
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for 10 min at 23°C in 100 ul medium conlaining 15 mM Hepes
(pH 7.5);0.05 mM ATP: [a-*PJATP (=5 x 10" cpm per tube);
1 mM MgCl,; 1 mM dithiothreitol; 0.05 mM cyclic AMP; 60
mM NaCl; 0.25 mg/ml of bovine serum albumin: 0.5 mM
3-isobutyl-1-methylxanthine; 1 unit of adenosine deaminase
per ml; a nucleoside triphosphate-regenerating system con-
sisting of 0.5 mg of creatine phosphate, 0.14 mg of creatine
phosphokinase, and 15 units of myokinase per ml; and other
reagents as indicated in the text. The reaction was stopped by
the addition of 0.1 ml of a **stopping solution"’ containing 2%
NaDodSO,. 1.4 mM cyclic AMP, and 40 mM ATP, and the
cyclic [**PJAMP formed was isolated by the method of
Salomon (17). Protein was determined by the Coomassie blue
binding method (18) with bovine serum albumin as a stan-
dard.

PhotoafTinity Labeling. [*?PJAAGTP was synthesized by
the method of Pfeuffer (13). Synaptic membranes were
washed and resuspended in 2 mM Hepes, pH 7.4/1 mM
MgCl,. Membrane suspensions (3-7 mg of protein per ml)
were incubated with 0.12 uM [>?P]AAGTP for 3 min at 23°C,
and the reaction was terminated by dilution with the above
buffer followed by centrifugation at 20,000 x g for 10 min to
remove unbound [*PJAAGTP. Membranes were washed
again and resuspended in the same buffer. Membrane sus.
pensions were then incubated with or without guanyl nucle-
ctides or NaF for 10 min at 23°C followed by 20 min of UV
photolysis with a Spectroline UV (254 nm, 9 W) lamp on ice
at a distance of 3 cm (the nhotoreaction of AAGTP with
membranes was essentially completed after § min of UV
irradiation, and no incorporation of radioactivity of 2P was
observed without UV photolysis). Prior incubation of mem-
branes with hydrolysis-resistant guanine nucleotides also
blocks AAGTP incorporation {14). The reaction was
quenched with the ice-cold 2 mM Hepes, pH 7.4/1 mM
MgCly/4 mM dithiothreitol, followed by centrifugation at
13,000 x g for 10 min. Membrane pellets were dissolved in
3% NaDodSQ, Laemmli sample butfer (19) with 50 mM
dithiothreitol. Samples were heated for 4 min at 60°C and
electrophoresed in 10% NaDodSO,/polyacrylamide gels by
the procedure of Laemmli (19). After electrophoresis, gels
were stained with Coomassie blue and autoradiographed with
Kodak XAR-5 film. To determine the amount of radioactivity
in a particular band, the radiolabeled band of the dried gels
was excised and counted in a Beckman LS 5800 scintillation
spectrophotometer.

Treatment of Synaptic Membranes with Isiet-Activating
Protein (IAP), a Pertussis Toxin. ADP-ribosylation of synap-
tic membranes with IAP was performed at 37°C for 10 min in
medium containing 50 ug of IAP per ml, 20 mM Hepes (pH
7.5), 1 mM dithiothreitol, 100 mM NaCl, 2.5 mM MpCl,, 1
mM ATP, 0.5 mM GTP, 10 mM thymidine, 1 mM EDTA, 1
mM isoniazid, and 10 uM [?*PINAD. Incubation was termi-
nated by dilution with 1 ml of the ice-cold 20 mM Hepes, pH
7.5/2.5 mM MgCl,, followed by centrifugation at 27,000 x g
for 10 min. The pellet was washed twice by repeating dilution
and centrifugation. Washed membranes were electropho-
resed in 10% NaDodSO,/PAGE and analyzed by autoradi-
ography.

Protease Digestion. Synaptic membranes were incubated
with *?PJAAGTP, washed, and then subjected to electro-
phoresis and autoradiographed. Gel slices of radioactive
bands were excised and placed on top of a discontinuous
NaDodSO, gel system (a 12.5% separating gel and a 3.5%
stacking gel). The gel slices were overlaid with 0.125 M Tris
(pH 6.8)/30% (vol/vol) glycerol, followed by protease solu-
tion containing 5 ug of Staphylococcus aureus VB protease
per ml, 0.125 M Tris (pH 6.8), 0.1% NaDodSO,, and 10%
glycerol (20). Electrophoresis was performed at a constant
voltage (40 V per gel), and the peptides generated were
separated in the 12.5% acrylamide separating gel. .

Proc. Natl. Acad. Sci. USA 83 (1986)

Materials. [a-3*P]ATP (800 Ci/mmol; 1 Ci = 37 GBq) and
{a-¥P]NAD (25 Ci/mmol) were purchased from New En-
gland Nuclear. {a-3P]JGTP was purchased from Amersham.
GTP, p[NH]ppG, guanosine (5'-0%-1-thiotriphosphate
(GTP{yS)), and Staphylococcus aureus V8 protease were
from Sigma. p-Azidoaniline was synthesized by George L.
Wheeler. Purified GN,; and GN; were provided by Lutz
Birnbaumer and Juan Codina. LAP was provided by Michio
Ui. All other reagents used were of analyt::al grade.

RESULTS

Stable Inhibition of Adenylate Cyclase Induced by AAGTP
in Cerebral Cortex Synaptic Membrane. Hydrolysis-resistant
GTP analogs promote inhibition of synaptic membrane ade-
nylate cyclase, which persists after washing of the mem-
branes. In the present study, we have employed AAGTP, a
hydrolysis-resistant photoaffinity GTP analog, to examine
the stable inhibition of synaptic membrane adenylate cyclase
as well as the interaction between GN, and GN; during
alteration of adenylate cyclase activity. To examine the effect
of AAGTP on synaptic membrane adenylate cyclase, the
membrar.es were incubated with AAGTP for 3 min at 23°C
with 1 mM Mg** and subszquently washed, whereupon
adenylate cyclase activity was measured in the presence or
absence of p[NH]ppG or NaF. AAGTP caused persistent
inhibition of adenylate cyclase in the membranes that were
not subsequently incubated with p{INH]ppG or NaF (Fig. 1).
At 0.12 and 120 uM, AAGTP produced about 15% and 55%
inhibition of adenylate cyclase, respectively. When AAGTP-
treated membranes were subsequenily incubated with in-

creasing concentrations of p[NH]ppG, stable inhibition in- -

duced by AAGTP was overcome, and activation of the
cyclase was observed at high concentrations [to 100 M of
pINHIppG (Fig. 14)]. Intermediate values of AAGTP (1.2
and 12 uM) gave intermediate levels of adenylate cyclase
inhibition (359 and 45%, respectively) which were similarly
overridden by p[NH]ppG (not shown). Similar results were
obtained when membranes were incubated with NaF instead
of p[NH]ppG, although inhibition of adenylate cyclase in-
duced by 120 uM AAGTP was not restored fully to control
levels (Fig. 1B).

A Shift in AAGTP Labeling frora GN, to GN, During the
Release of the Stable Inhibition of Adenylate Cyclase.
{*?P)JAAGTP(0.12 uM) was incubated with membranes under
conditions where AAGTP causes the stable inhibition of
adenylate cyclase, and AAGTP photoaffinity labeling was
analyzed by NaDodSO,/PAGE and autoradiography. Under
these conditions. & 40-kDa protein was predominantly la-
beled with AAGTP, and minor radioactive bands observed
corresponded to 42-kDa and 32-kDa proteins (Fig. 2 Upper,
left lanes; Fig. 3, lanes ¢ and m). We have shown previously
that AAGTP binds to the GN, and GN,; proteins of adenylate
cyclase from rat cerebral cortex synaptic membranes (14).
AAGTP-labeled 42-kDa and 40-kDa proteins comigrated,
respectively, with purified GN, and GN; proteins. The
40-kDa protein, which appears to be a doublet, alsc served as
a substrate for IAP-catalyzed ADP-ribosylation (data not
shown). As seen in Fig. 24, a 32-kDa protein also was labeled
specifically (see Fig. 3) with AAGTP. Proteolytic digestion
studies with Staphylococcus aureus V8 protease showed that
the 32-kDa protein was not a breakdown product from GN,
or GN; and, in addition, that the 32-kDa protein was not
ADP-ribosylated by IAP or cholcra toxin (data not shown).
It may be possible, therefore, that the 32-kDa protein is a
GTP-binding protein that is distinct from GN, and GN;,
although the character of this protein is not yet clear.

When the AAGTP-treated membranes were exposed sub-
sequently to p{NH}ppG or NaF, AAGTP-labeling of 42-kDa
and 32-kDa proteins was enhanced with increasing concen-
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F1G. 1. Adenylate cyclase activity of synaptic membranes incubated with AAGTP. Stnaptic membranes prepared from rat cerebral cortex
were incubated without or with AAGTP at 0.12 uM (---) or 120 uM (—) for 3 min at 23°C, subsequently washed, and assayed for adenylate
cyclase activity with various concentrations of p[NH1ppG (A) or NaF (B). Adenylate cyclace activity is expressed as a percentage of the control
activity of the membranes that were not incubated with AAGTP. Values are means oi chree experiments, and basal adenylate cyclase activities
(witi.out p{NH]ppG or NaF) in control membranes were $50.4 pmol/mg of protein per min in A and 45.8 pmol/mg of protein per min in B,

tration of p[NH]ppG or NaF, whereas the labeling of the
40-kDa protein was reduced. The changes in AAGTP binding
induced by p{NH]ppG or NaF were then quantitated (Fig. 2
Lower). The 2P content of the 42-kDa band was increased
from 2553 to 5194 cpm (Fig. 2 Lower A) and from 239 to 418
cpm (Fig. 2 Lower B), while that of the 40-kDa bana was
decreased from 5327 t0 3274 com (Fig. 2 Lower A) and 828 10
528 cpm (Fig. 2 Lower B) in the presence of p{[NH]ppG and
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Fic.2. NaDodSO./PAGE analysis of AAGTP-labeled synaptic membranes. Synaptic membranes were incubated with 0,12 uM [P*PJAAGTP
for 3 min at 23°C, and the incubation was terminated by dilution and centrifugation. The washed membranes were then incubated with various
concentrations of p{NH]ppG (A) or NaF (B) for 10 min, followed by 20 min of UV photolysis on ice. The membranes were then washed and
submitted to NaDodSO,/PAGE. and autoradiographed (Upper). Individual radiolabeled bands of the dried gels were cut and counted. (Lower)

Amount of radioactivity in the 40-kDa (Z) and 42-kDa bands (@),
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NaF, respectively. However, total radioactivity of AAGTP
bound in (40 kDa and 42 kDa) proteins was essentially
constant at various concentrations of p[NH]ppG or NaF used
in this experiment. It should be emphasized that after
incubation of membranes with [**PJAAGTP, the membranes
were washed with buffer to remove unbound [*2P]JAAGTP
prior to exposure to p[NH]popG or NaF. Only after these
treatments was AAGTP binding made covalent by UV
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FiG. 3. Time course of the shift in AAGTP labeling from GN, to
GN,. Synapti. membranes were incubated with [**PJAAGTP as in
Fig. 2, washed, and subsequently incubated without or with § uM
pINH]ppG (A) or 5 mM NaF (B). At the indicated times, 50-ul
aliquots were withdrawn and photolyzed for 20 min on ice. The
irradiated samples then were subjected 10 NaDodSO,/PAGE and
autoradiographed. Lanes: a, ¢, ¢, and g, no p{[NHlppG: b, d, f, and
h. p{NH]ppG. i, k. m, and o, no NaF; j, 1, n, and p, NaF.

exposure; therefore, p{NH]ppG- and NaF-induced changes
in AAGTF labeling in 40-kDa and 42-kDa proteins apparently
resuit from a shift of the AAGTP bound from the 40-kDa
protein (GN;) to the 42-kDa protein (GN,). The magnitude of
this shift in AAGTP labeling from GN; to GN, increased in
proporticn to the concentration of p{NH]ppG or NaF.
GTP{vS] or unlabeled AAGTP in the second incubation
resulted in a similar shift (as p[NHlppG in Fig. 14) in
adenylate cyclase activity from inhibition to activation as
well as a simiiar shift in AAGTP labeling from the 40-kDa
protein to the 42-kDa protein. Similar results (although with
much less radioactivity) were obtained when 120 uM
[P?PJAAGTP was used in the initial labeling step.

Time Course of the Shift in AAGTP Labeling from GN, to
GN,. Synaptic membranes were incubated with [**PJAAGTP,
washed, and subsequently incubated in the presence of
pINH]ppG or NaF for periods of 0-30 min. After UV
photolysis, AAGTP labeling was estimated by NaDodSO,/
PAGE and autoradiography. As shown in Fig. 3, the shift in
AAGTP labeling from the 40-kDa protein to the 42-kDa
protein by p[NH]ppG or NaF was relatively rapid; it was
completed within 2 min after the start of incubation of
membranes with the compounds. and it was stable for 10 min.
pINH]ppG-mediated reversai of AAGTP-induced adenylate
cyclase inhibition (as in Fig. 1) follows a similar time course.
At 30 min of incubation with p[NH]ppG, decline in AAGTP
labeling was observed at all bands (Fig. 3A, lane h). The
extent of reduction in bound AAGTP was greatest at the
32-kDa band, followed by the 42-kDa band and the 40-kDa
band. This reduction of AAGTP labeling probably results
from a slow competition of p{NH]ppG with [**PJAAGT? for
binding sites during the incubation, since decrease in AAGTP
labeling was not observed in membranes incubated without
p{NH]ppG (Fig. 3A, lane g and Fig. 3B, lane 0) or in the
membranes incubated with NaF (Fig. 3B, lane p), which does
not compete with AAGTP.

Stable Binding of AAGTP to GN,. Synaptic membranes
were exposed 10 [*?PJAAGTP, washed, and exposed to

Proc. Natl. Acad. Sci. USA 83 (1986)

p[NH]ppG or NaF as above. Subsequent to a 10-min incu-
bation, the membranes were washed by dilution and centrif-
ugation prior to resuspension in buffer and UV photolysis. A
shift of bound AAGTP from GN; to GN, was observed similar
to that noted in Fig. 2. This suggests that the AAGTP bound
to GN, was basically stable to washing. However, AAGTP
was released from the 32-kDa protein (see Fig. 4) by this
treatment.

DISCUSSION

The hydrolysis-resistant GTP analog AAGTP causes an
inhibition of synaptic membrane adenylate cyclase that
persists after washing of the membranes. Other hydrolysis-
resistant guanine nucleotides have been reported to induce a
similar phenomenon in membranes from botb rat brain (21)
and human plaielet /6). AAGTP is also a photoaffinity probe;
aind when adenylate cyclase is inhibited, most of the bound
AAGTP is on GN;. Under ccnditions where this inhibition is
reversed, such as subsequent incubation with p[NH]ppG or
NaF, we have observed an apparent displacement of the label
from GN; to GN,, the sum of AAGTP bound to GN, and GN;
remaining constant (Fig. 2). Because GN; binds AAGTP
under conditions where GN, does not (the initial labeling
conditions), conditions favoring the activation of adeny!ate
cyclase prompt the removal of AAGTP from GN; and the
concomitant binding of that nucleotide to GN, The apparent
transfer of AAGTP from GN; to GN, persists subsequent to
repeated washing of membranes (Fig. 4). The comparable
abiiity of NaF and p{NH]ppG to induce the apparent
translocation of AAGTP from GN; to GN, renders it likely
that the major factor in causing this switch is the ability of a -
compound to activate adenylate cyclase rather than to
compete for a site on the GN protein. NaF does not compete
with AAGTP for binding sites (FFig. 3), even though it both
activates adenylate cyclase and stabilizes GN, and GN;
during purification (3). Furthermore, NaF causes the photo-
receptor GTP binding protein t0 assume a conformation
similar to that caused by hydrolysis-resistant guanine nucle-
otides (22). It is possible that a similar **active'’ conformation
of GN, is induced by NaF.

Although NaF does not compete and p{NH]ppG competes
slowly (Fig. 3) with AAGTP for the observed binding sites,
it is likely that p[NH}»pG binds to GNs during the observed

Control Washed

-

- 3 -

B W

& b 4 d

Fig. 4. AAGTP labeling of membranes washed before UV
photolysis. Synaptic membranes were incubated with {**P]JAAGTP
asin Fig. 2, washed, and subsequ ‘ntly incubated with or without 100
uM p{NH]ppG for 10 min. Prior to being subjected to a 20-min UV
photolysis on ice, the membranes were washed by dilution and
centrifugation with 2 mM Hepes, pH 7.4/1 mM MgCl, and were
resuspended in the same buffer. Control membranes were immedi-
ately subjected to UV photolysis without washing with the buffer.
AAGTP labeling of membranes was analyzed by NaDodSO,/PAGE
and autorad.ography. Lanes: a and ¢, no pINH]ppG;: b and d,
p(NH]ppG.
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shift (Fig. 1) in adenylate cyclase activity. AAGTP binding to
GN, also increases under these conditions (Fig. 2). One
explanation for this apparent discrepancy is the observed
existence of two guanine nucleotide binding sites on GN,
(23). It is possible that these sites differ in their affinity for
pINH]ppG and AAGTP.

The shift of AAGTP from GN, to GN; is relatively rapid;
it appears to be completed within 2 min after the addition of
nucleotide or NaF (Fig. 3). p{NH]}ppG (10 uM) will compete
for bound AAGTP from GN,. GN,, and the 32.kDa GTP
binding protein, but this process requires =30 min. During
this pernod a smull portion (=15%) of the AAGTP is released
from the control mcombranes (Fig. 3), but the binding of
AAGTP is relatively stable for at least 60 min under these
conditions. Similarly, the tight binding of AAGTP to GN, and
GN, is mevealed by the inability of a second buffe wash (prior
to UV irradiation but subsequent to p{NH .pG or NaF
incubation) to release AAGTP from either protein (Fig. 4).

It is possible that certain unique features of the neural
adenylate cyclase systems contribute to the phenomena
observed here. Neural GN; has been purified, and it appears
to consist of multiple subunits. The larger subunit (40 kDa) is
a better substrate {or ADP-ribosylation by pertussis toxin,
and the smaller (39 kDa) subunit has a more efficient GTPase
activity (1). The two GN, proteins also differ in antigenic
properties (24, 25) and, although the 40-kDa protein appears
to be the inhibitory GTP-binding protein that functions in the
adenylate cyclase system, it is not clear if the 35-kDa GN;
functions in the adenylaie cyclase and/or some cther system.
Both proteins appear to bind AAGTP with equal affinity, and
they transfer AAGTP to GN, to a similar degree. The
coupling between the neurotransmitter receptor and the GN
proteins in ncural membranes is diminished or lost unon
preparation of subcellular fractions. Thus, complete stimu-
lation or inhibition of adenylate cyclase in thc absence of
hormone can be accomplished by simple addition of hydrol-
ysis-resistant GTP analogs to those membranes. This bypass
of the hormone receptor allows examination of GN-catalytic

moiety interaction or possibly GN~GN,; interaction.

During the course of this study we have demonstrated the
presence of a 32-kDa GTP binding protein. This protein is not
a substrate for ADP-ribosylation by pertussis or cholera
toxin, and it binds AAGTP loosely yet specifically. We have
demonstrated previously (14) using a different AAGTP la-
beling protocol that AAGTP may bind to the 8 subunit of GN,
and GN;. Under the methods used in this study, AAGTP
labels 8 subunit only weakly, and this 32-kDa protein is
distinct from the B subunit as revealed by nitrocellulose
plotting experiments (H. Hamm and M.M.R., unpublished
observation). A protein of 32 kDa has copurified with the GN;
proteins of bovine cerebral cortex (1), but it is not clear
whether this prot ‘= is identical with the one we have
observed. It does not appear that the 32-kDa AAGTP-binding
protein is a proteolytic fragment of GN; or GN,, as V8
protease studies yield different fragments for these species
(not shown). We have observed this protein in brain and
platelet, but not liver or kidney membranes, and itis tempting
to speculate that it may be involved in some GTP-regulated
process that is unaffected by cholera or pertussis toxin.

Although no other evidence exists for the possibility of
direct interaction and exchange of nucleotide between GN,
and GN,, the data herein appear consistent with such a
phenomenon. Physical interaction between some members of
the adenylate system has beer demonstrated (26, 27), and it
is possible that GN, 7nd GN, might interact directly. One
caveat to this inteipretation is the possibility that the AAGTP
appearing on GN, is a result of a ‘‘nearest neighbor™
association of the nitrene free radical at the terminal phos-
phate of AAGTP with GN,, while the AAGTP punine ring
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remains bound to GN,. Such interaction might increase when
GN, and GN, are in greater proximity, as during the crossover
from inhibition to stimulation of adenylate cyclase (as in Fig.
1). Such adventitious association of AAGTP seems unlikely
because the pINHlppG- or NaF-mediated adenylate cyclase
activity is altered under these conditions. Another possibility
that cannot be discounted is that, duiing the crossover
between inhibition and stimulation of adenylate cyclase, the
conformation of GN, and GN, is altered so that the efficiency
of AAGTP photoinsertion is decreased in GN; and concom-
itantly increased in GN,.

We have demonstrated previously that a soluble GNy can
be released {romn the synaptic membrane (14, 16), and such
appeais hikely for GN; as well (1). We have also suggested
that, in the synaptic membrane «ystem, cytoskeletal compo-
nents might regulate adenylate cyclase by reversible associ-
ation with GN; (10, 14, 16). Perhaps these elements also
contribute to GN,-GN; interaction. The possible existence of
a GTP exchange process between GN, and GN; represents a
novel hypothetical switch between the stimulatory and in-
hibitory regulation of adenylate cyclase, which might func-
tion at an intracellular level. Further understanding of this
phenomenon awaits further experimentation.
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GTP~BINDING PROTEINS WHICH REGULATE NEURONAL ADENYLATE CYCLASE INTERACT WITH
MICROTUBULE PROTEINS

= 3 2
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Physiology and Biophysics, U, of Illinois College of Medicine, Chicago, IL
60680 USA

]

INTRODUCTION
Adenylate cyclase is a hormone and neurotransmitter~sensitive enzyme

associated with the cellular plasma membrane. Receptors for hormones (or

peurotranspitters) which stimulate or ighibit adenylate cyclase are linked to
the catalytic moiety of the the enzyrs through two diatinct GTYP~binding pro=-
teins, which provide for the regulation of adenylate cyclase enzyme activity

(Fig.5). There iz evidence that physical association of these components is
*equired for hormone or guanine-nucleotide mediated aciivation of the enzyme
(Rodbell, 1980) and agents which increase membrane fluidfty and/or membrane
protein mobility augment adenylate cyélnae activation {Orly and Schrr.mm, 1977).

Agents which disrupt microtubules have also been shown to increase adeny-
late cyclase activity in iatact leukocytes (Rudolph et. al., 1979, Kennedy and
Insel, 1979) and neuronal membranes (Rasenick et. al., 1981). Augmentation of
adenylate cyclase (or, in the case of intact cells, cAMP sccumulation), whether
by microtubule digrupting drugs or membrane fluidizers, inzreased the velocity
of adenylate cyclase without altering sensitivity of the drug or neurotrans~
mitter used as an activator for that enryme. Furtherwore, agents which inter-~
act with the cytoskeleton have been implicated in the regulation of receptor-
mediated desensitization of adenylate cyclase in a variety of cell and tissue
types (See Zor, 1983 for review).

The data presented in this paper indicate that aicrotubule disrupting drugs -
are capable of enhancing the neuronal adenylate cyclase s stem by enhancing
coupling between the GTP~binding protein which stimulates adenylate cyclase
(GNs) and the catalytic molety of that entyme. Some interaction between syoap -
tic membrane tubulin and GNs appears likely and recent evidence concernircg
structural (Gilman, 1984) and functional (Bitensky et. al., 1982) homology ;
agong GTP-binding proteins is consistent with this. Cytoskeletal proteins may
thus play a role in the regulation of neurotransmitter responsiveness through

intraceilular modification of adenylate cyclase activity.
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EFFECTS OF MICROTUBULE-DISRUPTING DRUGS UPON SYNAPTIC MEMBRANE ADENYLATE
CYCLASE.

Considerable evidence from a number of laboratories (See Zor, 1983 for
review) suggests that incubation of cells with microbule~disrupting drugs

enhances hormone and GNs-mediated activation of adenylate cyclase. Although

in most cell types, effects of colchicine or vinblastine upon the cAMP genera-
ting system are limited to intact cells, membranes prepared from neuronal cells
consistently display augmentation of adenylate cyclase activity after exposure
to these agents. The effaxcts of these drugs (See Fig. 1) are apparently media~
ted through CNs and the augmuntation of adenylateé cycase produced is not in-
creased further by membrane fluidizing agents (Rasenick, et. al., 1981). This
lack of additivity between cis unsaturated fatty acids and aicrotubule disrup~-

ting drugs in the augmentation of adenylate cyclase activity is noteworthy
because both ciasses of compound have been implicated in promoting increased
lateral mobility of proteins within limited domains of the plasaa seabrane
(Klausner et. 2l., 1980). Such a phenocmenon 13 consistent with the observed
increase in adenyate cyclase activity which aight be attributed to an increase
in “coupling” between the adenylate cyclase catalytic moiety and GNs,
Activation of adenylate cyclase by guanyl nucleotides is not reversed
after washins the membranes with buffer (See Rodbell, 1980) however, washing
colchicine~treated synaptic membranes resulted in & loss of adenylate cyclase
activity which has been attributed to a release of CNs froam the plasms men—
brane (vide infra; Rasenick et. al., 1984). Such a release of GTP-binding
regulatory protein from the meabrane has been previously observed in the
analogous rod outer segment phosphodiesterase system and has served as an indi-
cation of enhanced coupling of the photoreceptor GTP-binding protein (trans-
ducin) with the phosphodiesterase catalytic molety (Stein et. al, 1982),

PHOTO-AFFINITY LABELLING STUDIES AND COLCHICINE OR VINBLASTINE~MEDIATED
RELEASE OF GNS FROM THE SYNAPTIC MEMBRANE

Further investigation of the apparent colchicine or vinblastine-medicated
release of GNa from the plasma mesbrane required direct identification of the
CTP-binding proteins. P-4 azidoanilido)-F' GTP(AAGTP) is am hydrolysts
resistant photosffinity GTP analog (Pfeuffer, 1977) which labels covalently, ]
proteins of 53, 42, 40 and 32 KDa on synaptic membranes (Fig. 2). [Other | A
proteins of 110, 94 and 36 kDa can be labelled as well, but this is dependent Y
upon AAGTP concentration, labelling temperature, and Mg++ ion concentration;

Rasenick, Hatta and Marcus, Manuscrip: in preparation.]
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Figure 1: Effects of Microtubule-Disrupting Drugs oo Neuronal Adenylate
Cyclase

A. UNVASHED. Synaptic mesbrane enriched fracticns from 21-day old male
sprauge~dawley rat cerebral cortices were preparsd as descr‘bed previously
(Rasenick and Bitensky, 1980) and 50 ug aliquots were incu,ated with 1 uM
colchicine, vinblasine, H20 or 10 uM lumicolchicine at 30°C for 20
vinutes. Following this, membranes were incubated for 20 minutes at 30°C
with 2 uM GppNHp (guanylylimidodiphosphate) and assayed (as described; :
Rasenick et. al. 1981) for adenylate cyclase activity.

B. WASHED, Membranes were treated as above except that following incuba-
tion with colchincine, vinblastine, lusicolchicine or K20, membranes were
wvashed twice with buffer. Also, GppNHp and ATP vere sdded simultaneously in
the 10 minute assay step, eliminating the second 20 minute preincubation (Dats
and experimental detsil from Rasenick et. sl., 1981). Neither colchicine or
vinblastine sltered adenylate cyclase activation by MaSO4, indicating that
these agents did not alter the catalytic capacity of the enzyme.

1f AAGTP lsbelled membranes are treated with colchicine and vashed the 42

KDa proteis (GNs) is preferentially released fros the plasssa membrane into the
supernantant (Rasenick et. al., 1984) Fig. 2). The relesse of GNs from the
wenbrane coincides with the loss of GNs activity noted sbove and raises the
possibility that GNs (or a subpopulation thereof) ia sasociated with the cyto~
skeleton. Likewise, fibronectin, which is released from the membrane after
treatment with cytochalasin is thought to be linked to the plasma membrane
through actin (Ali and Hynes, 1977),
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ASSOCIATION BETWEEN TUBULIN AND GNS

The above experiments raise the likelihood that tubulin (or some micro-
tubule associated component) interacts directly with GNg, as both colchicine
and vinblastine provoke a similar augmencation of GNs-mediatead sdenylate cyc—
lase activity. To test this possibility directly, the material released from
synaptic membranes by colchicine (with 3H or cold AAGTP covalently bound)
wag passed over & tubulin affinity coluun and eluted with NaCl-containing
buffer. Most of the material applied to the column did not stick, however all
of the GNs activity remained bound and was eluted, along with several other
proteins, at .1 M NaCl (Fig. 3).

It is tempting to conclude from this experiment that GNs can complex rever-
sibly with tubuliz. However, the presence of microtubule associated proteins
(MAPS) both on the column, as well as in the sample applied to the columm,

cannot be discounted: either with regard to direct binding of GNs or to
effects upon tubulin GNs interaction (See below).

—

...
Pq | ol -

53KDa- e E E

42KDa~ - - —

sokoe- OB =

32kDs- g f"‘". : —
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'l
|

a. b. ¢ d e

Figure 2: AACTP Photoaffinity Labelling of Synaptic Membranes

Synaptic sembranes were incubated with 1 uM [3H] AACTP at 30°C for 20
ninutes followed by 20 minutes of UY photolysis on fce. The reaction was quen-
ched with 4aM DTT and the sesbranes then incubated at 30°C for ‘10 minutes
with S uM of either colchicine (lanes ¢ and e) or luamicolchicine (lanes b and
d). Followiug this the memdranes were washed three times with a low fonic
strength buffer (2 mM HEPES, pH 7.4, 1mM MgCl, 2mM DTT) and the proteins re-
leased from the sembranes were electorphoresed on 10X polyacrylamide gels and
radicautographed. Lunes d and e represent Coomsssie blue straining patterns
and lanes b and ¢ are radiofluorographs. Lane a represents a typical “ép
AAGTP labelling pattern on synaptic sembranes.

34 DPM in the 42 KDa bands is 4343 (b) and 7443 (c).
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INHIBITION OF GNS ACTIVATED ADENYLATE CYCLASE BY TUBULIN

Conclusions from the above experiments indicate that colchicine or vin-
jastine treatment increrase adenylate cyclase activity by nitigating a putative
tubulin~CNs interation. It follows from this that the addition of tubulin to
synaptic membranes under conditions where tubulin might closely associate with
(or incorporaie into) those zembranes, should diminish activation of adenylate

cyclase through GNs.
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Figure J: Elution of GNs Froa Sepharose-Tubulin

Rat brain tubulin (2 cycle Polmerized/depolymerized; Shelsnsky et. al.,
1973) was coupled to CNBR-activated sepharose 4B (Pharmacia) and the column
equilibrated in 20 mM Pipes pH 6.9 contsining 5 mM MgCl, 2 =M DIT, .3 mM PMSF,
.5 aM EGTA and 15% glycerol. Colchicine derived supernatants fros synaptic
sembranes were dialysed fres of colchicine and unbound aucleotide (as per
Resenick et. al., 1981) applied to the column and allowed to sit overnight.
Fractions were eluted at the indicated Kl concentrationms, TCA percipitsble
radiocactivity and protein content were determined and then tne fractions vere
dialysed, concentrated and tested for CNs activity by recomstitution (Rasenick

et. al., 1984).

Tubulin added to menbranes is capable of inhihiting GNs~mediated
activation of adenylate cyclase. Phosphocellulose-purified tubulin (kindly
provided by Dr. R. Delorenzo) saturates at 40 oM tudulin and has an 'ICSO'
of 10 oM (Rasenick, in press). This ichibition is apparent when sdenylate
cyclase is sctivated by Gpp (NH)p or NaF (not shown) and occurs vhather or not
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Table 1: Effects of Tubulin Upon Synaptic Membrane Adenylate Cyclase

Addition to Membranes:

Control Tubulin . ‘

*Adenylate Cyclase Activity ZInhibition ;

|

|

Membrane l

Pretreatment: |

A. H20 100.6 63.6 37 !
B. Gpp (NH)p v 174.2 113.7 3s
C. Gpp (NH)p 48%5,3 368.1 2

+ Tubulin & Washed

*pmol cAMP/mg. Protein/min.

Synaptic membranes were prepared as described (Rasenick et. al., 1981) and
after exposure to 10-4M GppNHp (or H20) and subsequent wash were resus-
pended 1n 100 mM Pipes pH 6.3, 2 mM MgCl, 0.3 aM PMSF, 1 =M DTT, lmM EGTA, cis
vaccenic acid (10 ug/ml.), pbasphatidyl choline (1 ug/nl ), brij 35 (.062) and
tubulin (Final concentration = 250 nM). After fncubation at 37°C for 15
minutes, the membranes were washed or placed on ice (as indicated ). GCpp
(NH)p was added (100 uM) along with ATP and aderylate cyclase vas assayed for
10 minutes at 30°C by the method of Salomua et. sal., (1974).
adenylate cyclase is preactivated by nucleotide. This would support the
likelihood that tubulin is not exerting these effects as a GTP sink (a resote
possibility in that guanine nucleotide is present at 1000 fold excess over
tubulin). Furthermore, the tubulin added in these experiments is apparently
capable of forming a tight assoclation with the plasma neabrane, as buffer

washiog is not effective in reversing the effects of added tubulinm,

ROLE OF MICROTUBULE ASSOCIATED PROTEINS:

Despite the apparent ability of added tubulin (including phosphocellulose .
purified tudulin) to inhibit GNs-mediated adenylate cyclase ectivity, the con-
tribution of microtubule associated proteins to this process cannot be dis-
counted. MAP's are associated with the synaptic membranes and the addition of
tubulin (even 1f MAP~free) could be attributed to some primary interaction be-
tween added tubulin and membrane associated MAP's, followed by an interaction
of that complex with GNs.

INTERACTION OF TUBULIN WITH THE INLIBITORY GTP-BINDING PROTEIN

Adenylate cyclase is stimulated by one GTP-binding protein and inhibited
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by another (GN1)., The above text has attempted tc establish an interaction
between GNs and tubulin and has not mentioned GNi. In synaptic membranes, Gpp
(NH)p can elicit inhibition directly through GNi. Vinblastine does not alter

adenylate cyclase inhibition under these conditions (Fig. 4). Colchicine
treatoment gives similar results (not shown) and, although these compounds
augnent adenylate cyclase stimulation through GNs, they do not appear to ,

affect adenylate cyclase inhibition through GN{i.
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Figure 4: 1Innibition of Rat Cerebral Cortex Adenylate Cyclase; Effects of
Vinbiastine

Cerebral cortex membranes prepared as described (Rasenick et. al., 1981)
were incubated in 20 oM Hepes pH 7.4 containing 1 aM MgCl, 1 oM DTT, 0.3 aM
PMSF and the indicated vinblastine concentration for 10 minutes at 30°C.
Following this, Gpp (NH)p was added as indicated along with 25 uM ATP and the -
pembranes were assayed for cAMP for 15 airutes at 239C by the method of
Salomon (1979). Neurotransaitters which promote elevation of intracellular
calciun (e.g. acetylcholine) might modify the respouse of adenylate .
cyclase~linked neurotransmitters by such a mechaniss. ;
STRUCTURAL AND FUNCTIONAL HOMOLOGY BETWEEN TUBULIN AND GNs

Considerable homology exists among GTP several binding proteins (e.g. ras
p2l, EFTu, GNs, GNi, transducin, tubulin; see Gilman, 1984; Halliday, 1984).
These proteins share a common glycine rich sequence which is the likely GTP
binding site, as well as other regions of apparent homology. There also !
appears to be functional homology among these proteins as tran.ducin and GNs

(Bitensky et. al., 1984) cr GNi (Cerione et. al., 1985) appear interchang.-
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able. Althcugh tubulin has not been shown to be interchangable with GNs, it
does have GTPase activity, as do GNs or GNi. Cholera toxin catalyzes ADP-
ribosylation of GNs and pertussis toxin catalyzes ADP ribosylation of GNi (See
Codina et. al., 1984). Recently, tubulin has been reported to be ALP cibosy-
lated by both cholera and pertussis toxins (Lim et. al., 1985).

POSSIBLE MECHANISM OF TUBULIN-MEDIATED REGULATION OF ADENYLATE CYCLASE

A possible scheme for the regulation of neuronal adenylate cyclase is
illustrated in Figure 5. Normally, adenylate cyclase activation proceeds
after the binding of a stimulatory agonist to its receptor and the subsecuent
association of STP with GNa. The “"charged” GNs then activates the catalytic
moiety of the enzywe. A siailar mechanism may exist for the inhibitrion of
adenylate cyclase, although {n that case, an inhibitory agonisi would begin
the cascade.

Colchicine or vinblastine, which bind to different sites on the tubulin
wolecule, both increase adenylate cyclase activity, and that increase appears
localized to the GNs protein. A possible wmechanism for this effect involves a
steady-state conatraint of GNs/catalytic molety j-nteraction due to the binding
of GNs hy tubulin, as might be hypothesized from the results of the experiment
in Figure 3. Mitigation of this interaction by colchicine or vinblagtine would
result in the obaserved increase in enzyme activity. Increased tubulin asso-
claticn with the membrane might increase constraint upon GNs catalytic moiety
interaction, and this has been observed (Table 1). It is coteworthy that,
despite the indication of tubulin ar an integral syuaptic membrane protein
(which has been repcrted, Bhattacharyys and Wolff, 1976; Zisapel et. al.,
1980) the oroposed tubulin/GNc interaction could occur equally well 1f both
tubulin and GMs are considered membrane associated proteins.

there is no indicatfon that tubulin substitutes for GNs or GNi, despite
the apparent similarities amoog these proteins. This molecular similarity
might be consistent, however, with an association/dissocistion between tubulin
and GNs. In fact, an asso~’ition between microtubules and adenylate cyclase
has been reported (Margolis and Wilson. 1980).

The B and y subunits are also iavolved in the regulation of adenylate
cyclase activity aad may Znhibit (Ns or GNi interaction with the catalytic
molety of adenylate cycase., Ancther possible explanation for tubulin effects
might be a tubulin aesocistion with 8y (due to a tubulin/GNs or tubulinm GNi
homsology) and subsequent promsotion of adenylate cyclase inhibition. The lack
of direct effects nf microtubule~dis-upting drugs upon adenylate cyclase in-
hibition makes this unlikely, however.
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Control: (H,0 or Lumicolchicine)

Synaptic
Membrane

Synaptic
Membrane

Figure 5: laoteraction of Tubulin wiidh Adenylate Cyclase

The above represents a possible format for adenylate cyclase activation or
inhibition, and the effects of microtubule disrupting drugs upon that vprocess.
Rs and Ri represent receptors for stimulatory (s) and inhibitory (1) hormones
or neurotransmitters and GNs or GNi represent the GTP-birding regulatory pro-
teins linked to those receptors. 8 (35KDa) znd vy (14 KDa) are regulatory pro-
teins which are associated with the GN complex and the catalytic molety (CAT)
produces cAMP and ATP. In this cartoon, tululin ig associated with GNs and
colchine or vinblastine dissociate these proteins, resulting in sugmented
activation of adenylate ryclase by GNu.

L L L LT

IRWS AN USSR RALE U LA USLBUNUN UYL WL WS Y WL AR A A d e T NWA RVA RW, 2V, S¥a R¥e BV3 RV, 3V LA A BA A N B RV R B RN LV, IR SRV 3¢ Fiv)




L B TR o Ut NN

Te e A s -

E

35’

PHYSIOLOGICAL CONSIDERATIONS:

These data indica~e that tubulin may be involved in the regulation of
synaptic membhrane adenylate cyclase. Although microtubule disrupting drugs
augment cAMP accumulation in a variety of leukocytes, these drugs increase
membrane adenylate cyclase only in neural tissue. One factor setting neural
adenylate cyclase appart from that in other tissues 18 stimulation by calmo=-
dulin (Treilsman et. al., 1983). Only 50 percent of synaptic membrane adeny-~
late cyclase is regulated by calmodulin (Brostrom et. al., 1978) and a similar
portion of GNa activity is released from the synaptic membrace subscquent to
colchicine or vipblastine treatment (Rasenick et. al., 1984). Calefum/-
calmodulin protein kinases have been reported to phosphorylate both tubulin ;
and MAPs (See Nestler, and Greemgard, 1984). It is possible that such a '
phosphorylation might alter the interaction between tubulin and GNs, thus

affecting adenylate cyclase activity. We are continuing to investigate the
apparent regulation of the functional components of neurotransmitter

responsiveness by the gtructural components of the cell membrane.

Supported by USPHS Grant MH 39595, AFOSR 83-~0249 and the Chicago Community
Trust. We thank Dr. Shinichi Hatta for criticizing this manuscript and
Ms. Sharon Mitch:1ll for preparing it.
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We have compared the regulation of adenylate cyclase activity in membrane fractions from C6 glioma celis .

and in monolayer cultures of C6 cells that had been permeabilized with saponin. Guanine nucleotides (GTP N

and GTP;S) and isoproterenol increase adenylate cyclase activity in C6 membranes and in permeabilized N

Ct cells. In C6 membranes, guanine nucleotides activate adenylate cyclase in the presence or absence of .

isoproterenol; in permeabilized cells, however, guanine nucleotides increase adenylate cyclase activity only .

in the presence of isoproterenol. We suggest that the propertics of the permeabilized cells more closely .

resemble those of intact cells, and that some component which is present in permeabilized cells but is lost hy

following cell disruption may be important for the normal regulation of adenylate cyclase activity. {

GTP-binding protein B-Adrenergic receptor Recepror-effector Eoupling Signal transduction "

.«

- L

! y

Al

1. INTRODUCTION 2. MATERIALS AND METHODS t

[

Determination of the mechanism of adenylate We have developed an assay for adenylate ‘

cyclase activation has been a subject of widespread cyclase in saponin-permeabilized C6 cells. This y

interest. Investigations into that mechanism have treatment makes holes of 0.1-1 gum in plasma. : :

encompassed kinetic studies, studies with bacterial membranes while retaining cell viability [4). ( :

toxins, identification and purification of the pro- Saponin treatment allows for the free passage of ,
teins involved, the reconstitution of those proteins [*?P]JATP into cells while attached t. wells in

and, now, most recently, the genetics of the monolayers, and, as such, provides for the assay of ‘

adenylate cyclase system. The proteins that have adenylate cyclase in - a nearly irtact cell ‘

been investigated include receptors for hormones preparation. !

(or neurotransmitters) which stimulate or inhitit C62B cells were maintaiued in Dulbec..¢'s MEM .

adenylate cyclase, the members of the GTP- 4.5 g glucose/l, 10% fetal bovine serum, in a 10% .

binding protein cascade which regulate that en- CO; atmosphere. Cells were subcultured weekly in- 1

zyme and the adenylate cyclase catalytic moiety. to 24 well sterile plates. Permeab.iization by !

Whereas a great deal has been learned about the saponin treatment was achieved by a modification g

regulation of the adenylate cyclase system through of previously published methods {4]. C6 {

studies with purified adenylate cyclase components monolayers (approx. 250000 cells/well) were : .

{1] several cellular elements associated with mem- washed three times with 200 I complete Locke’s : !

branes and the cytoskeleton have been observed to solution (154 mM NaCl, 2.6 mM KCl, 2.15 mM !

regulate adenylate cyclase, especially in neural cells K;HPO,, 0.85 mM KH;PO,, 10 mM glucose, ‘
[2,3). The participation of various other cellular 2 mM CaCl,, 1.0 mM MgCl;, pH 7.4) for 5§ min at
elements in the regulation of adenylate cyclase 37°C. 200 ! saponin sofution (140 mM potassium

raised the possibility that this enzyme behaves dif- glutamate [KG}, pH 6.8, 2 mM ATP, saponin .

ferently in isolated membranes than in intact cells. {100 ug/ml]) was added for 120s at room ‘

Published by Elsevier Science Publishers B.V. (Bicmedical Division) :
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Volume 207, number 2

temperature. The plates were inverted, saponin
solution drained and monolayers washed three
times with 200 1 KG buffer. The total time for
permeabilization and washing was 5 min. 150 4!
(**PJATP (10 give 2 x 10° cpm), 0.5 mM ATP,
1 mM MgCl,, 6.5 mM IBMX in Hanks buffer was
added to each well and incubated for 3 min at
room temperature. lsoproterenol and/or GTP4S
was added to each well and incubated 10 min at
37°C. Reactions were stopped with 300 ! ice-cold
15 mM Hepes buffer, pH 7.4, and the entire piate
was placed on dry ice for 5 min. Plates were
removed from dry ice and allowed to thaw. Cells
were then scraped into 1.5 ml microfuge tubes and
wells were rinsed with 100 4l Hepes buffer. Tubes
were boiled for 8 min 1n a hcat block and then cen-
trifuged at 4°C for 8 min at 15000 X g. Super-
natants were then removed and transferred into 12
x 75 borosilicate glass tubes; 130 x| stop solution
(2% sodium lauryl sulfate, 45 mM ATP, 1.3 mM
3',5'-cyclic AMP), 50 41 [PH]cAMP (0.02 «Ci),
and 1 ml di4;0 was added to tubes and super-
natants decanied over Dowex columns.
?P]IcAMP was isolated and measured by a
modification [5] of the method of Salomon [6].
C6 cells were grown to near confluency in
175 cm flasks and harvested by scraping with a

MEMBRANES
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rubber policeman. C:lls were collected in 15 mM |
Hepes, 0.25 M sucrose, 0.3 mM PMSF and 1 mM
DTT, pH 7.5, and homogenized (8 strokes) in a
teflon-glass homogenizer. 600 x g supernatants
were collected and centrifuged three times at
40000 x g in the homogenization buffer without .
sucrose. C6 membrane suspensions (10-20 xg pro- '
tein/assay tube) were assayed for adenylate cyclase \
activity by the method of Salomon [5}, modified as
described {5]. The assay buffer included 15 mM ;
Hepes, pH 7.5, 1| mM DTT, 0.3 mM PMSF, j

SmM MgCl,, 504M ATP, and an ATP

regenerating system.

3. RESULTS

3.1. Assay of adenylate cyclase in permeabilized
cells

Addition of [**PJATP to saponin-treated C6
cells allows measurement of adenylate cyclase ac-
tivity, rather than cAMP accumulation, in relative-
ly intact cells. Saponin treatment results in
90-95% of the cells taking up trypan blue, and a -
similar number are likely to have access to the
[**P]JATP. Measurement of adenylate cyclase in |
these cells is dependent upon [**P]JATP permeabili-
ty induced by saponin, and no measurable

CELLS
28

24

i Il

bl 1 L

4

6 H

~LOG ISOPROTERENOL (M)

Fig.1. Activation of C6 adenylate cyclase by isoproterenol. C6 cells were permeabilized and assayed for adenylate

cyclase as described in section 2. Values are expressed as pmot cAMP formed per mg of total cellular protein (measured

by the method of Bradford [7]) at each concentration of isoproterenol in the presence (O---0) or absence (e---o) of

GTP4S, and are means of triplicate determinations (+ SE) from one of three similar experiments. C6 membranes were

assayed for 10 min at 30°C in the presence (A---a) or absence (A---4) of S uM GTP4S. Each point indicates the mean

of a triplicate determination ( + SE) in one of 3 similar experiments. Note that specific activity in cells is for total cellular
protein as opposed to membrane protein.
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[**P)JcAMP is generated without saponin treat-
ment. Thus, cellular adenylate cyclase has been
assaved in a manner similar to membranes, but
results of these assavs show distinct differences
between cells and membranes in the regulation of
that enzyme.

3.2. Activaiion of C6 adenylate cyclase by
isoproterenol

lsoproterenol activates adenylate cyclase in
permeabilized C6 cells as well as in C6 membranes
(fig.1). In the presence of 5 uM GTPS, the ECso
of isoproterenol for activation of C6 membrane
adenylate cyclase, derived from the mean of 3
triplicate determinations, is approx. 95 nM which
is comparable to that (85 nM) observed in the
permeabilized cells. Guanine nucleotides (GTP»S

FEBS LETTERS

October 1986

or GTP) do not alter the potency of isoproterenol
in either cells or membranes. Activation of
adenyiate cyclase by isoproterenol is completely in-
hibited by a 10-fold excess of propranolol (see
fig.2). In permeabilized cells, isoproterenol-
stimulated adenylate cyclase in the absence of add-
ed guanine nucleotide (figs 1,2). In contrast,
isoproterenol does not activate C6 membiane
adenylate cyclase in the absence of added guanine
nucleotide (figs 1,2).

3.3. Activation of C6 adenylate cyclase by GTPyS

In the absence of isoproterenol, GTP,S-
activated adenylate cyclase in C6 membranes, as
has been reported {8]. We demonstrate the potency
of GTP4S in fig.2 and observe that the ECso for
GTP4S is about 140 nM (average of 4 sets of

Membranes Colis
220+ 180
200 4 o o, o
%“_: .‘,.-"---....l........'.,‘..........i 470
1 ao P . ',.“;‘.,.' -....
> W :r' 4 "'i 1 60
- 5 1801 A
2z P
I~
(‘J i 140 1 1 50
w '.M_J ‘ “,,} ..... coveatorens ‘
28 120 ~
oa N 140
na
0g 100 4
=
« 3 80 4 + 30
-
; o
4
wo 4
o 60 }
< E L 20
40 4
+10
20
0 (]

-L03 GTPYS (M)

Fig.2. Guanine nucleotide activation of adenylate cyclase in C& membranes and permeabilized cells. C6 membranes were

incubated with (&) or without (A) isoproterenol (1 M) in the presence of indicated GTPyS concentrations.

Permeabilized C6 cells were assayed for adenylate cyclase activity in the presence (O) or absence (@) of isoproterenol

! 4uM) with the indicated concentration of GTP5S. 10 4M Il-propranoclo! was included (D) along with isoproterenol

(1 uM) and GTP4S (! xM). Means of triplicate determinations ( = SE) from one of 3 (cells) cr 4 {(membranes) similar
experiments are depicted above.
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triplicate determinations).” GTP (not shown) is
roughly one order of magnitude less potent
(1.1 4M). Isoproterenol does net alter the potency
of guanine nucleotides, but it does increase the
Vmax of adenviate cyclase activity.

In permeabilized C6 cells, however, GTP;S
(fig.2) as well as GTP (not shown) do not increase
adenylate cvclase activity (except at 107* M} in ths
absence of isoproterenol. In the presence of
isoproterenol, GTP9S potentiates adenylate
cyclase activity markedly. The potency of GTP»S,
in the presence of isoprotercnol is comparable
(ECsp = 150 nM; mean of 3 sets of triplicate deter-
minations) to that seen in C6 membranes.

3.4. Direct effects of saponin under adenylate
cyclase

The possibility that the distinctions between
permeabilized cell and C6 membrane adenylate
cyclase were due to the treatment of cells with
saponin required investigation. Saponin treatment
of membranes, even at concentrations 10-fold
higher than those used in permeabilizing cells, was
without effect on adenylate cyclase (table 1). This
lack of saponin effect was seen regardless of the
presence or identity (GTP»S and/or isoproterenof)
of the adenylate cyclase activator employed. Fur-
thermore, when Hank’s solution is substituted for

Table 1

Effects of saponin on C6 membrane adenylate cyclase

Activator {Saponin] x#g/ml

0 10 100
H;0 9.52 9.39 9.19
Isop: oterenol 19.3 19.8 19.8
GTP,S 83.7 83.6 86.6

Isoproterenol + GTPyS  196.9 195.7 196.2

Membranes we e incubated with the above
concentrations of saponin for 10 min at 30°C and
returned to ice. Following this, membrane suspensions
were added to tubes containing the adenylate cyclase
reaction mixture (see section 2) and the indicated
activatory (GTPyS, § x 1077 M; isoproterenol, 107¢ M)
and assayed fcr .0 min to determine adenylate cyclase
activity (see section 2). The adenylate cyclase activity is
expressed as pmol cAMP/mg protein per min. Means of
triplicate determinations which vary by less than 7% (see
figs 1 and 2) are presented here

N \'(‘-
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the Hepes buffer normally used in assays of C6
membrane adenylate cyclase, the characteristics
for the C6 membrane adenylate cyclase remained
the same.

4. DISCUSSION

Permeabilized cell techniques have been utilized
extensively to investigate the phosphatidylinositol
turnover system and the effects of guanine
nucleotides on this {9} and other cellular processes
{10}. Two previous methods have been reported
for the assay of adenylate cyclase in permeabilized
cells. One of these methods employed sonication
[11] and the other used Lubrol PX or alamethecin
[12] to permeabilize cells. Neither method was
designed for monolayers of cells, however, and
techniques for removing cells, such as trypsin [13]
or EGTA [14], affect adenylate cyclase. Saponin
treatment has been demonstrated to produce small
‘holes’ in the membranes of chromaffin cells
without affecting the overall appearance or activity
of those cells [4]. These results demonstrate that
the adenylate cyclase system functions normally
(perhaps more normally than in membranes) in
saponin-permeabilized Co cells.

Perhaps the most striking finding is that GTP
and its analogs do nothing to activate adenylate
cyclase in permeabilized C6 cells even though they
activate that enzyme profoundly in C6 mem-
branes. This phenomenon is consistent with the ex-
istence of an absolute requirement for f-receptor
occupancy for the activation of the stimulatory
GTP-binding protein [GN,] as has been postulated
{15]. However, it cannot be determined from these
data whether receptor occupancy is required for
GTP binding to GN,, or if GTP binding is normal
and the GN, is inactive for some other reason.

Nucleotide-binding requirements for GN, in-
teracting with a A-receptor in a reconstituted
system have been established [16]. In that system,
there is a residual degree of GTP binding by GN;,
the receptor being primarily responsible for the ac-
tivation of the GTPase rather than the activation
of adenylate cyclase. Although we have not ad-
dressed the question of the GTPase, preliminary
experiments with cholera toxin (Hatta and
Rasenick, unpublished) indicate that the lesser
potency observed for GTP than GTP+S is due to
greater affinity of GTP4S for GN,, rather than
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GTP hydrolysis of the former compound. Thus,
intact C6 cells may require g-receptor occupancy
by agonist before GTP binds to GN, and this
property may be lost upon preparation of mem-
branes.

The lack of nucleotide effects prior to receptor
occupancy appears restricted 1o GN,, as
preliminary data indicate that guanine nucleotides
can inhibit forskolin-stimulated adenylate cyclase
in permeabilized C6 cells, independent of agonist
(Hughes and Rasenick, unpublished). It is not
known whether the inhibitory GTP-binding pro-
tein {GN,] is fundamentally different than GN; in
this regard, or whether the receptor independence
of GN; results from the lack of receptor-mediated
inhibition of C6 adenylate cyclase under normal
conditions [17].

Isoproterenol is without effect in the stimulation
of C6 membrane adenylate cyciase. These results
are different from those reported by Katada et al.
(8], who observed isoproterenol-activated adenyl-
ate cyclase without added GTP. The reasons for
this discrepancy may be attribated to our omission
of EGTA from the adenylate cyclase reactions
{14). EGTA was omitted to compare the mem-
brane and permeabilized cell system more directly.
However, when EGTA is present in the assay, our
results resemble those cited above [8].

In both the inositol trisphosphate mediated Ca?*
flux in neuroblastoma cells {9] and the release of
secretory products from mast cells {10}, hydrolysis-
resistant guanine nucleotides achieve cellular ef-
fects without added hormone. We do not see ef-
fects of GTP»S alone, except at 107* M, on
stimulation of the adenylate cyclase system of
permeabilized cells. Phosphatidylinositol hydroly-
sis has been demonstrated in C6 cells [18] and ac-
tivation of protein kinase C, which follows
phosphatidylinositol hydrolysis, appears to in-
crease platelet adenylate cyclase activity by the
phosphorylation and subsequeni inactivation of
GN, {19]. Such a cascade may account for the
10°* M increase in GTPyS-mediated adenylate
cyclase activity. In Aplysia neurosecretory cells,
pressure injection of GTP4S y.ves a physiological
response similar to dibutyryt cAMP (sustained
depolarization) only in conjunction with the ex-
tracellular application of SHT {20]. Intracellular
application of GTP4S does, however, potentiate
the effects of SHT, and this is concordant with our
findings in C6 cells,
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The coupling of receptor and 2uanine
nucleotide-binding proteins in the adenylate
cyclase system has been under investigation since
Rodbell and his colleagues [21] demonstrated a lag
in the GprMNHp activation of adenylate cyclase
which was partially overcome by stimulatory hor-
mones. This report represents a direct indication
that the disruption of cells may significantly alter
that coupling process. We have recently proposed
that, at least in some systems, the cytoskeleton
might provide a constraint to the activation of
adenylate cyclase, as cytoskeletal disrupting drugs
augment he GN;-mediated activation of that en-
zyme {3,22]. Although we have not yet investigated
the role of the Cé cytoskeleton in the coupling of
the C6 adenylate cyclase system, this provides one
possible locus for the discrepancy between the C6
membrane and permeabilized cell data. Certainly,
other factors, such as membrane composition
[22,23] and calmodulin [14] are involved as well.
Thus, activation schemes for the adenylate cyclase
system which do not account for these additional
factors must be embraced with caution.

ACKNOWLEDGEMENTS

We thank Dr Robert Perlman for his continued
advice and criticism, and Dr Nancy Owen for the
gift of C6 cells. We also thank Dr Shinichi Hatta,
Dr Mrinalini Rao, Ms Jeanne Hughes and Mr Nan
Wang for helpful discussions. This work was sup-
ported by AFOSR grant 83-0249 and PHS grant
MH 39595. M.M.R. is a recipient of the Chicago
Community Trust Faculty Fellow Award.

REFERENCES

[1} Birnbaumer, L., Codina, J., Mattera, R., Cerione,
R., Hildebrandt, J., Sunyer, T., Rojas, F., Caron,
M., Lefkowitz, R. and lyengar, R. (1985)
Molecular Mechanisms of Transmembrane
Signalling (Cohen and Houslay eds) Elsevier,
Amsterdam, New York.

[2) Zor, U. (1983) Endocrine Rev. 4, 1-21.

{3} Rasenick, M.M_, O'Callahan, C.M., Moore, C.A.
and Kaplan, R.S. (1985) in: Microtubules and
Microtubule Inhibitors (De Brabander, M. and
DeMey, J. eds) pp.313-323, Elsevier, Amsterdam,
New York.

4) Brooks, J.C. and Carmichael, S.W. (1983)
Mikroskopie 40, 347-356,

L)

SRR Y



Ve

At

v
™

Volume 207, number 2

[5} Hartta, S., Marcus, M.M. and Rasenick, M.M.
{1986) Proc. Natl. Acad. Sci. USA 83, 5439-5443,

{6 Salomon, Y. (1979) Adv. Cyclic Nucleotide Res.
10, 35--55.

{7} Bradford, M. (1976) Anal. Biochem. 86, 655-664.

{8] Katada, T., Amano, T. and Ui, M. (1982) J. Biol.
Chem. 257, 3739-3746.

(9} Ueda, T., Chueh, S.-H., Noel, M.W. and Gill,
D.L. (1986) J. Biol. Chem. 261, 3184-3192,

{10} Barrowman, M.M., Cockcroft, S. and Gomperts,
B.D. (1986) Nature 319, 504~507.

[11) Achar, S.B., Strada, S.J., Sanders, R.B., Pledger,
W.J., Thompson, W.J. and Robison, G.A. (1977)
J. Cyclic Nucleotide Res. 3, 189-198.

{12} Bonnafous, J.-C., Dornand, J. and Mani, J..C.
(1982) Biochim. Biophys. Acta 720, 235-241.

{13] Anderson, W. and Jaworski, C. (1978) Natl.
Cancer Inst. Monogr. 48, 365-374.

[14]) Brostrom, M.A., Brostrom, C.O. and Wolff, D.J.
(1979) J. Biol. Chem. 254, 7548~7557.

FEBS LETTERS

October 1986

[15] Cassel, D. and Selinger, Z. (1979) Proc. Natl.
Acad. Sci. USA 75, 4155-4159.

[16] Brandt, D.R. and Ross, E.M. (1986) J. Biol. Chem.
261, 1656~1664.

[17] Tocque, B., Albouz, S., Boutry, J.-M., Le Saux,
F., Hauw, J.-J., Bourdon, R., Baumann, N. and
Zale, B. (1984) J. Ncurochem. 42, 1101-1106.

{18] DeGeorge, J1.1., Morell, P., mMcCarthy, K.D. and
Lapetina, E.G. (1986) J. Biol. Chem. 261,
3428-3433.

[19} Watanabe, Y., Horn, F., Bauer, S. and Jakobs,
K.H. (1985) FEBS Lett. 192, 23-27.

[20]) Lemos, J. and Levitan, 1. (1984) J. Gen. Physiol.
83, 269-285.

[21] Rodbell, M. Lin, M., Salomon, Y., Londos, C.,
Harwood, J., Martin, B., Rendell, M. and Berman,
.M. (1975) Adv. Cyclic Nucleotide Res. 5, 3-29.

[22] Rasenick, M.M., Stein, P.J. and Bitensky, M.W.
(1981) Nature 294, 6560~6562.

{23} Childers, S. and LaRivere, G. (1984) J. Neurosci.
4, 2764-2771.

301

DT L AT TN TN A TN AT AT AT L NN 9 A A AN NN
ket Saidhs o o e diaarbidvieSadd ) y b, MOl bt A (LR S




A e

Journal of Newrochemistes
Raven Press. New York
€ 1983 International Society for Neurochemistry

Photoaffinity Identification of Colchicine-Solubilized
Regulatory Subunit from Rat Brain Adenylate Cyclase
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Abstract: Five GTP binding proteins in rat cerebral
cortex synuptic membranes were identified by photoaf-
finity labelling with [*H] or [*Pj(P*-azido-anilido)-P'-$’
GTP (AAGTP). When AAGTP-treated membranes were
incubated with colchicine or vinblastine and subsequently
washed, a single AAGTF-labelled proiein of 42 kD was
released into the supernatant. About 30% of the total la-
belled 42-kD protein was released into supernatants from
membranes pretreated with colchicine or vinblastine
compared with 15% released from con'rol membranes.
The amount of adenylate cyclase regulatory subunit (G
unit) remaining in these membranes was assessed with
reconstitution studies after inactivating the adenylate cy-
clase catalytic moiety with N-ethylmaleimide (NEM).
Forty to fifiy percent of functional G units were lost from
membranes treated with colchicine prior to washing. This
40- 307 loss of functional G unit after colchicine treat-

ment corresponds to the previously observed 429 loss of
NaF and guanylyl-5'-imidodiphosphate [Gpp(NH)p]-ac-
tivated adenylate cyclase. Release of the AAGTP-la-
belled 42-kD protein from colchicine-treated synaptic
membranes is double that from lumicolchicine-treated
membranes. This colchicine-mediated release of 42-kD
protein correlates with a doubling of functional G unit
released from synaptic membranes after colchicine treat-
ment. These findings suggest multiple populations of the
G unit within the synaptic plasma membrane, some of
which may interact with cytoskeletal components. Key
Words: Adenylate cyclase—GTP binding protein—Cy-
toskeleton— Microtubule protein—Neurotransmitter—
Receptors— Phatoaffinity labelling. Rasenick M. M. et
al. Photaffinity identification of colchicine-solubilized
regulatory subunit from rat brain adenylate cyclase. J.
Neurochem. 43, 14471454 (1984).

Hormone-activated adenylate cyclase is com-
prised of at least three plasma membrane-associ-
ated components: the hormone receptor, the guanyl
nucleotide binding regulatory subunit (G unit), and
the catalytic moiety. There is evidence that the
physical association of these components is re-
quired for hormonal activation of adenylate cyclase
(Spiegel and Downs, 1981). Recent studies suggest
that membrane composition (Orly and Schramm,
1977; Hanski et al.. 1979; Rasenick et al. 1981) and/
or cytoskeletal elements (Kennedy and Insel, 1979:
Rudolph et al., 1979; Hagmann and Fishman, 1980;
Rasenick et al., 1981; Sternweis et al., 1981) play
an active role in the association of adenylate cy-
clase componer.is and the subsequent activation of
this enzyme. Colchicine and vinblastine, agents that

disrupt microtubules, increase adenylate cyclase
activity in intact white blood cells (Kennedy and
Insel, 1979; Rudolph et al., 1979; Hagmann and
Fishman, 1980), but do nct alter adenyiate cyclase
activity in membrane fragments derived from these
cells (Kennedy and Insel, 1979; Rudolph et al.,
1979).

When synaptic membranes prepared fiom rat ce-
rebral cortex are incubated with colchicine or vin-
blastine, adenylate cyclase activation by guanylyl-
5'-imidodiphosohate [Gpp(NH)p] or NaF is aug-
meated, whereas activation of the enzyme by
MnSQ, [which appears to reflect intrinsic catalytic
moiety activity (Spiegel and Downs. 1981)] is un-
altered (Rasenick et al., 1981). Furthermore when
rat cerebral cortical membranes are incubated with
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DTT. Dithiothreitol: Gpp(NH)p. Guanytyl-$'-imidodiphosphate:
GTPyS. Guanosine-5'(S-thioltriphosphate: G unit. Guanyl nu-
cleotide binding regulatory subunit (N,): HEPES, N-2-Hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid: NEM, N-Ethylmale-
imide; PMSF, Phenylmethylsulfonyl fluoride.
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Gpp(NH)p and colchicine or vinblastine and sub-
sequently centrifuged. the dialvzed supernatants
are capable of reconstituting adenylate cyclase ac-
tivity to heat-inactivated ~ unit deficient) synaptic
membranes. Adenylate - :lase reconstitution by
these synaptic membrane supernatants is similar to
that obtained with purified (G unit from amphibian
photoreceptors {Rasenick et al.. 1981). These re-
sults are consistent with the hypothesis that these
supernatant solutions contain a G unit that may be
associated with synaptic membrane tubulin.

In this study, we demonstrate that a 42-kD GTP-
binding protein is specifically released from syn-
aptic plasma membranes after treatment with col-
chicine or vinblastine. Furthermore, evidence is
presented that the G-unit activity is lost concur-
rently with the release of a 42-kD protein from syn-
aptic plasma membranes. The percent removal of
G unit into the supernatant after colchicine treat-
ment and subsequent washing correlates with the
percent increase of adenylate cyclase activity when
membranes are not washed subsequent to colchi-
cine treatment (Rasenick et al., 1981)). As colchi-
cine and vinblastine have a similar effect and lumi-
colchicine has no effect, these data may implicate
tubulin as a modifier of the coupling process within
the synaptic membrane adenylate cyclase complex.

MATERIALS AND METHODS

Tissue-preparation and treatment

Enriched synaptic membrane fractions were prepared
from 21-day-old male Sprague-Dawley rats as previocusly
described (Rusenick and Bitensky, 1980) and stored un-er
liquid nitrogen until use. Membranes were thawed and
resuspended in 10 volumes of 20 mM HEPES (pH 7.6),
5 mM MgSO,, 1 mM dithiotreitol (DTT), 0.3 mM phen-
yimethylsulfonyl fluoride (PMSF) (HMD buffer) and cen-
trifuged at 10,000 x g for 10 min. The resulting pellet
was resuspended in 0.5 m! of HMD (protein concentra-
tion = 4-6 mg/ml) and incubated with 5§ uM colchicine,
lumicolchicine, or vinblastine and 100 uM Gpp(NF'}p,
guanosine-5'(5 thio) triphosphate (GTPyS), or GTP, as
previously described (Rasenick et al., 1981). After incu-
bation the membranes were washed with 15 volumes of
10 mAM Tris-HC! (pH 7.6), S mM MgCl, | mM DTT, and
0.3 mM PMSF (TMD) buffer and centrifuged at 13,000
x g for 10 min. The supernatants were reserved and the
process (incubation-wash-centrifugation) was repeated.
This process released 13- 14% of the total membrane pro-
tein in the presence or absence of colchicine or vinblas-
tine. The pooled supernatants were filiered through Mil-
lipore GV filiers and then concentrated and dialyzed in
Amicon CF 25 cones. This material, termed coichicine/
wash or vinblastine/wash when those agents were present
or control/wash when lumicolchicine or water were
present, was stored at = 70°C until use,

The membranes from above were then split into two
groups: half were assayed for remaining adenylate cy-
clase activity and half were treated with N-ethylmalei-
mide (NEM) (see below).
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Photoaffinity labelling and analysis

{*H}P*-(4-azidoanilido)-P'-5’ GTP (AAGTP) (36 Ci/
mmol) was synthesized by the method of Pfeuffer (1977).
Membranes were washed and resuspended in 50 mM
phosphate buffer (pH 7.5) and 5 mM MgCl. Membrane
suspensions (0.5-1 mi: 15-20 mg protein/ml) were in-
cubated with or without unlabelled guanyl nucleotide
(GMP, GDP. GTP. Gpp(NH)p. GTP¥S, or AAGTP 50 uM)
for 10 min followed by 2 uM [*HJAAGTP or [*PJAAGTP
for 20 min at 23°C in a stirred quarz cuvette under dim
red light. These suspensions were then irradiated with 2
Spectroline UV (254 am) lamps (approximately 5 cm
from cuvette) for 20 min at 4°C in the same stirred cu-
vettes. Following photolysis membranes were resus-
pended in 15 volumes of ice cold TMD buffer with 4 mM
DTT (TMDX buffer) and centrifuged at 13,000 x g for
10 min to remove unbound AAGTP. Membranes were
then resuspended in TMDX buffer at a protein concen-
tration of 3-4 mg/ml, incubated with colchicine, vinblas-
tine, or lumicolchicine (5 uM) for 20 min at 30°C, and
subsequently washed with 10 volumes of 10 mM HEPES
(pH 7.8), 2 mM EDTA. ana | mM DTT (HED buffer).
Membranes were centrifuged at 13,000 x g for 10 min
and the supernatants saved. This procedure was repeated
twice and the supernatants were pooied and dialyzed vs
6 M urea for 6 h followed by H,O overnight. The super-
natarts were then lyophilized, resuspended in 3% SDS,
and electrophoresed in 10% polyacry!amide gels by the
procedure of Laemmli (1970). Membrane pellets were
also dissolved in 3% SDS and electrophoresed. Gels were
fixed, stained with Coomassie Blue, and fluorographed
with Kodak XAR-$ film after (if 'HJAAGTP was used)
incubation with EnHance (New England Nuclear} and
dried. A Shimadzu model 910 Densitometer-integrator
was employed for densitometric analysis of gels and ra-
diofluorographs. In some experiments each lane of a fixed
and stained gel was cut into 1-mm segments, dissolved in
100 pl of 30% H,0,, and subjected to liquid scintilation
counting.

NEM treatment

Treatment with NEM to inactivate adenylate cyclase
catalytic moiety was modified from Orly and Schramm
(1977). Membranes were resuspended in HMD buffer
(protein concentration = 2.5 mg/ml) plus 50 pM
Gpp(NH)p and NEM was added to a final concentration
of 5 mM. After 30 min on ice, 5 volumes (2.5 ml) of
TMDX buffer was added to the membrane suspensions.
After an additional 10 min on ice the tubes were centri-
fuged and resuspended in TMD buffer at a protein con-
centration of about 1 mg/ml. Membranes were then used
for reconstitution with heat-treated synaptic membranes.

Heat inactivation of synaptic membrane G unit

Synaptic membranes were heat-treated as described
previously (Rasenick et al.. 1981) and immediately used
in reconstitution studies. After incubation in the absence
of Gpp(NH)p or NaF at 42°C for 45 1nin, 60-80% of the
catalytic moiety activiiy (as measured by Mn**) but oniy
15% of G-unit activity {as measured by Gpp(NH)p or
NaF] is preserved.

G-unit assessment by membrane reconstitution
Heat-inactivated synaptic membranes (0.84 mg/ml)
were incubated with or without 10 pl of NEM-treated
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membranes at 37°C for 10 min in a TMD buffer containing
linoleic acid (10 ug/ml), phosphatidyl choline (egg) (1 mg/
ml), and polyethylene glycol (2.5 mg/ml). Under these
conditions membrane fusion occurs and the G unit and
catalytic units from each membrane type are able to in-
teract. Following the initial preincubation a second prein-
cubation at 30°C with H,0O. Gpp(NH)p. NaF, or Mn**
was carried out. Tubes were kept on ice for 30 min and
adenylate cyclase was assayed as below.

Adenylate cyclase assays

Adenylate cyclase assays were similar to those de-
scribed previously (Rasenick et al.. 1981). Thisty micro-
grams of synaptic membranes were incubated with
Gpp(NH)p, NaF, and colchicine/wash or control/wash for
20 min at 30°C in a total volume of 50 ul of HMD buffer.
Tubes were then placed on ice for 10 min. ATP (500 uM)
and an ATP regeneration system were added as described
(Rasenick and Bitensky, 1980) and assays were carried
out for 20 min at 30°C. Assays were stopped at 90°C for
S min, and the cAMP produced was determined by a com-
petitive binding assay.

RESULTS

To determine the specificity of AAGTP labelling,
synaptic membranes were incubated for 10 min with
10 uM Gpp(NH)p, GTP, GDP, GMP, GTP+S, or
unlabelled AAGTP prior to addition of 2 pM
[3*PJAAGTP. Figure 1 shows the effect of these nu-
cleotides on AAGTP labelling of the unwashed syn-
aptic membranes. Bands at 94 kD, 55 kD, 42 kD,
40 kD, and 36 kD were labelled with AAGTP.
Guany! nucleotides that activate adenylate cyclase,
including GTPyS, Gpp{NH)p, and AAGTP, reduce
labelling of the 94-kD, 55-kD, 42-kD, and 40-kD
bands. Other guanyl nucleotides, which are ineffec-
tive in activating synaptic membrane adenylate cy-
clase (e.g., GTP, GDP),' are much less efficient in
reducing labelling of these bands. GMP, also inef-
fective in activating adenylate cyclase, appears not
to compete for the 94 + 55-kD bands, but is slightly
more effective on chasing label from 42 + 40-kD
bands. Furthermore GMP and GTPyS enhance la-
belling at the 36-kD band, whereas Gpp(NH)p,
GTP, and GDP do not significantly alter 36-kD la-
belling. Unlabelled AAGTP effectively competes
(>90%) with [3?P]AAGTP at all bands.

[*3H]JAAGTP-labelled membrane preparations
were incubated with colchicine or lumicolchicine
and subsequently washed. The supernatants were
then analyzed by gel electrophoresis and radiofiuo-
rography (Fig. 2). Both :he q